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ABSTRACT 
A detailed characterization of the physics of novel nanopore systems has the potential to 
revolutionize water filtration, nanofluidics, and biomolecule detection technologies. I give my 
characterizations of five nanopore systems as my dissertation. First, I present my study of 
nanopores in polyethylene terephthalate (PET), revealing the mechanism for variance in current 
rectification based on cation species. Second, I demonstrate the mechanism of selective probe 
capture in bacterial toxin protein α-hemolysin (aHL) using dielectrophoresis. Third, I introduce 
the first simulation of molecular artificial water channel pillar[5]arene (PAP) and uncover the 
mechanics of its water transport and self-aggregation properties. Fourth, I characterize the water 
permeability and ion rejection of truncated human membrane protein aquaporin-1 (AQP) in 
simulation. Finally, I present MD simulation of truncated AQP as a voltage-gated ionic diode 
and as the functional element of a double-membrane ionic pump.  
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Chapter 1: Introduction 
 
1.1 Background 
Transmembrane molecular transport features in both biological processes and in the 
technological processes we design to imitate and improve upon nature. In the lungs, oxygen must 
permeate across the membranes of alveoli and pulmonary capillaries in order to enter the 
bloodstream. Carbon dioxide escapes the bloodstream across the same membranes, allowing the 
stifling chemical to escape with each breath. Channels in the kidneys permit small molecules out 
of the blood through transport across membranes in the glomeruli, only for nutrients and water to 
be reabsorbed into other capillaries, again by transport across membranes. Pumps in the cell 
membranes of the brain and nervous system supply the transmembrane balance of ionic charges 
necessary to propagate action potentials through the body. These and other examples of 
transmembrane transport, each using biological pores at the nanoscale, take place across all 
kingdoms of life and all along active life cycles. Channels or pores of this small size are called 
nanopores. Besides their biological purposes, they also serve as inspirations for artificial methods 
using molecular transport through nanopores. Recent advances using molecular transport through 
nanopores have included efforts in the fields of nanofluidics,1 biomolecule detection,2,3 and water 
filtration.4 Successes in these fields reflect our growing understanding of the processes of life 
and our ability to mimic those processes to our own ends.   
 Recent studies into nanofluidics have emphasized the unique ionic conduction properties 
of nanoscale channels.5 Better control of ion conduction at the nanoscale offers the possibility of 
developing logic and sensory systems in solution. At this scale, surface-dependent electrostatic 
effects reach into a large fraction of the current-carrying solvent. Nanopores of varying geometry 
and electronegativity can selectively conduct current based on polarity of bias or ionic species.6-
10 Biological pores such as alpha-hemolysin, a membrane protein produced by E. coli, have 
previously been shown to conduct current more readily under a particular polarity of applied 
bias, a phenomenon called rectification.11 Synthetic conical nanopores have reproduced this 
behavior,6-10 with rectification dependent on the uniform charge density across the channel walls. 
Alpha-hemolysin and conical rectifying systems tend to conduct certain species of ion better than 
others as well.6-11 Channels in which two zones of the pore walls were characterized by different 
surface characteristics12-18 have also demonstrated current rectification. Professionals in this field 
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speak of a “lab-on-a-chip” that would process fluid samples with nanochannels acting as 
resistors, diodes, and capacitors. Control of ion transport through nanopores offers tremendous 
potential as knowledge of the field advances.  
 Biomolecular detection is another established use of nanopore technology, and one with 
tremendous potential usefulness to medicine. Easy identification of disease markers from genetic 
samples is of great interest to clinicians who must daily diagnose patients with little time or 
funds for health care. However, the detection of disease markers in the form of nucleic acid 
sequences first requires control of the motion of these sequences. The application of electric 
fields can move charged biomolecules such as nucleic acids from solution into or through a 
nanopore lumen by means of electrophoresis.19 The captured molecule impedes ionic current 
through the nanopore, resulting in a measureable signal. However, simply applying an electric 
field to drive negatively charged DNA into or through a nanopore has not yet yielded fast, 
efficient detection of specific DNA sequences. Non-uniform electric fields can induce motion 
called dielectrophoresis (DEP) in polarizable particles; a sufficiently strong field gradient can 
even cause strongly polarized molecules to move opposite the direction expected by an 
electrophoretic response. DEP has been extensively developed for collection, enrichment, and 
sorting of structures such as pathogenic cells and viruses.20-23 Indeed, by attaching a sequence-
specific carrier to nucleic acids, dipole molecules have been formed which move into bacterial 
nanopore α-hemolysin (aHL) contrary to the direction expected of their net charge,24 creating a 
detectable ion current signal.  
Physics at the nanoscale have been developed towards another health-related concern: 
water filtration. People in areas across the world suffer daily for lack of clean, desalinated water. 
However, proteins in our own bodies have already solved the problem of how to transmit only 
pure water from a solute-containing source. One of the foremost examples, the aquaporin protein 
(AQP), presents channels only a water molecule wide.25 At this scale, all but the smallest 
pollutants are sterically forbidden; AQP goes further, rejecting ions as small as protons26 while 
water passes easily. A filtration system with these properties would far outstrip the efficiency of 
reverse osmosis techniques currently in use. But while AQP itself is well studied,27,28 including 
such features as its highly conserved asparagine-proline-alanine motif and selectivity filter, 
efforts to mimic its structure with robust, easy-to-manufacture components have thus far fallen 
short. Mimetics developed so far either pass water too slowly,29 permit ions like sodium or 
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chloride to pass as well,30 or are prohibitively difficult to manufacture to needed precision.31 
Further developments will require novel materials such as newly developed pillar[5]arene (PAP), 
a benzyl ring decorated with amino acid arms which presents a similarly narrow channel. 
Spiroligomers represent another avenue of interest, being amino acid-like building blocks that 
form rigid structures.32 
 
1.2 Molecular dynamics with NAMD 
The study of molecular transport through nanopores offers the potential for great advances in 
nanofluidics, human health, and wellness. Unfortunately, the very small scale that makes them 
uniquely useful also corresponds to great difficulty in characterizing the physical mechanisms of 
transport through these nanopore systems. One answer to this problem is all-atom molecular 
dynamics (MD) simulation, which enables investigation of matter at a combination of timescale 
and length scale inaccessible to the most advanced laboratory equipment.  
 All-atom MD simulation reveals the behavior of systems at the nanoscale by representing 
each atom as a virtual entity with a mass, charge, position, velocity, and chemical identity and 
calculating their subsequent motion. In NAMD, a leading MD simulation program, the energy of 
each atom is assessed in part based on variations of bond lengths and angles among bonded 
atoms; the energy from electrostatic interactions, Pauli exclusion, and van der Waals interactions 
with nonbonded atoms is also included.33 Given the potential energy, atomic trajectories are then 
calculated by integrating Newton’s 2nd equation for each atom i, 
റܽ௜(ݐ) =  −
∇ܷ൫ݎറଵ(ݐ), … , ݎറே(ݐ)൯
݉௜
         (1.1) 
where റܽ௜(ݐ), ݎറ௜(ݐ), and ݉௜ are the acceleration, position, and mass of the ith atom, and N is the 
total number of atoms in the system. The integration is accomplished using the Verlet method34 
and the parameters for calculating potential energy from atomic positions are given by a 
molecular force field such as CHARMM,35 itself developed by extensive quantum mechanical 
calculations and refined to better reproduce experimental measurements. The resulting atomic 
trajectories are recorded and may be analyzed to determine how the atomic-scale interactions 
work together to compose complex phenomena such as ionic current through charged 
nanopores,36 coordinated motions of waters in a single-file water channel,37 or controlled 
biomolecule traversal of a nanopore.38 So long as computational resources are sufficient, NAMD 
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does a tremendous job of high-performance simulation of biomolecules.33 
The need for computational resources does constitute one of MD’s greatest drawbacks. 
However, more and more powerful resources for running MD programs have become available 
with increased technological advancement. Supercomputing facilities such as Stampede and 
Comet as provided by XSEDE,39 or Blue Waters as provided through NCSA at the University of 
Illinois, Urbana-Champaign, have become available for researchers pursuing MD simulation. 
D.E. Shaw Research in New York even built a special-purpose system called Anton for MD 
simulation of proteins and other large biomolecules. The simulations made possible through 
these and other resources have played a key role in advancing the science of DNA sequencing40 
and many other applications of nanopore technology. 
 
1.3 Overview 
My work of the past several years focuses on MD approaches to the fields of nanofluidics,1 
biomolecule detection,41 and water filtration,4 all examples of molecular transport through 
nanopores. This work is herein divided into five chapters; chapters 2-5 contain selected results 
also published in peer-reviewed journals, while chapter 6 contains work included in a manuscript 
currently in preparation. Chapters 2-4 include experimental work by collaborators which gives 
context to my MD simulation work.  
In chapter 2 I characterize the mechanism for species-specific ion current rectification by 
a charged conical nanopore. Conical charged nanopores are already known to rectify current,6-10 
but we, in collaboration with the Siwy group of UC Irvine, sought to explain the differential 
rectification of LiCl, NaCl, and KCl in micrometer-long pores in polyethylene terephthalate 
(PET), which continuum Poisson Nernst-Planck simulations by the Pietschmann group proved 
unable to reproduce. My MD simulation reveals that the species selectivity occurs as a result of 
differential binding by the three different cations in solution. I also compare ion current 
rectification in nanometer-scale pores, as measured in my MD simulation, to rectification in the 
micrometer-length pores used in experiment. This work in nanofluidic control of ion current is 
published in the Journal of Physical Chemistry C.42 
In chapter 3 I uncover the nanoscopic physics of a dielectrophoretic method of sequence-
specific DNA detection. The Gu group of the University of Missouri previously demonstrated 
sequence-specific capture of RNAs in solution using an artificial dipole;24 in our collaboration 
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with them, we investigated the dielectrophoretic capture of long fragments of DNA using their 
probe design. Their experiments demonstrated that DNA strands as long as 90 nt could be caught 
in an alpha-hemolysin nanopore under applied bias against the usual direction of electrophoresis. 
The captured probe creates blocks ionic current through the pore, causing a measurable drop in 
current that indicates the presence of the sequence. In this way the probe-nanopore system 
permits sequence-specific detection of DNA in a mixed sample. In my MD simulations, I 
successfully reproduce the capture behavior, measure the attractive forces involved, and 
demonstrate the mechanism of capture to be dielectrophoresis; the probe designed by the Gu 
group binds to a specific sequence of DNA and forms an artificial dipole, which is drawn into the 
pore by the sharply varying electric field of the pore. The potential map of both wild-type alpha-
hemolysin and the Gu group’s mutant K131D7 is found by my MD simulations, revealing the 
more sharply varying electric field created by K131D7 and further characterizing the mechanism 
for dielectrophoretic probe capture. This work in methods for biomolecule detection has been 
published in ACS Nano.43 
In chapter 4 I reveal the highly permeable, self-assembling nature of artificial water 
channel peptide-appended pillar[5]arene, PAP, and characterize the mechanisms of its 
permeability and aggregation in lipid bilayer. Initial experiments on this nanoscale channel by 
our collaborators, the Kumar group of Penn State University, revealed considerable permeability 
to water. My MD simulations demonstrate the actual permeability is even higher than first 
measured; repetition of the experiments under the correct conditions corresponded with the MD 
result. When multiple PAP channels in an MD-simulated bilayer were allowed to wander and 
meet, I was able to discover that their phenylalanine arms form hydrogen bonds that cause the 
PAPs to assemble; cryo-EM measurements by the Butler group of PSU verified this MD result, 
including the predicted cell size of the aggregate. My MD simulation also revealed mechanisms 
controlling the permeability of the PAP channels, including a wetting-dewetting transition and 
lipid tail infiltration of the pore. This work towards development of a high-throughput water 
permeable membrane, a possible step towards superior water filtration techniques, has been 
published in PNAS.44  
In chapter 5 I present a minimal version of bovine aquaporin-1 (AQP),27 a structure 
which retains the permeability and ion rejection of the wild-type but presents an ideal candidate 
for biomimicry. AQP represents an excellent template for rapid water desalinization, though as a 
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protein it is not robust in the face of adverse conditions of pressure and temperature. In 
collaboration with Martin Page of the U.S. Army Engineer Research and Development Center, 
we developed the idea of identifying the key structures of an AQP channel that were needed to 
allow rapid water transport without permitting ions, then mimicking those pieces using robust 
artificial parts such as spiroligomers as utilized previously by Christian Schafmeister of Temple 
University.32 However, as the complexity of designing artificial mimics using the algorithms 
developed by Schafmeister rises dramatically with system size, I used MD simulation to test 
several variants of AQP truncated along the pore axis, all in search of the smallest variant that 
retained water permeability and rejected ions. I found and characterized just such a variant with 
50% the length of the wild-type AQP. Other variants with truncations to AQP’s highly conserved 
asparagine-proline-alanine motif lack the water wire that is a distinctive feature of AQP. Loss of 
the water wire was found to correspond to loss of ion rejection. Mutations of the selectivity filter 
further degrade ion rejection, but only when the asparagine-proline-alanine motif is also 
removed. This work, completed in pursuit of rapid water desalinization, has been published in 
ACS Biomaterials Science and Engineering.45 
In chapter 6 I present a voltage-gated rectifying ion channel based on AQP that functions 
as a pump in a double-membrane system. A truncated AQP variant from my previous study,45 
one which proved unable to fully reject ionic current, turned out to function instead as an ionic 
current rectifier. My MD simulations reveal that the rectification is cation-selective, that 
conductance through the truncated AQP increases with applied bias in a diode-like fashion, and 
that current is gated by voltage-dependent conformational change in the Arginine-197 sidechain 
at the selectivity filter. Further, I present a MD simulation of a double-membrane system with 
two opposed copies of the truncated AQP that evacuates ions from one solvent chamber to the 
other - an ion pump designed using truncated AQP. A manuscript containing this work is being 
prepared for publication. 
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Chapter 2: Rectified ion transport through PET nanopores*  
 
2.1 Introduction 
Many experimental and theoretical groups have dedicated efforts to studying fundamental 
phenomena governing transport at the nanoscale, as well as pioneering devices using nanoscale 
effects.46,47 Rectification of ion current with nanopores is an example of transport properties 
stemming from the nanoscale openings of the structures.48-52 Rectifying nanopores feature ion 
currents that are higher for voltages of one polarity compared to currents recorded for voltages of 
the same absolute values but opposite polarity. They can thus work as switches for ions and 
charged molecules in solutions and could become the basis for ionic circuits used in logic and 
sensory systems.53-56  
 There have been a number of rectifying systems reported thus far. Glass pipettes50,57 and 
tapered cone shaped nanopores with negative surface charges51,58,59 were reported to be cation 
selective and conduct current with the preferential direction of the cation flow from the narrow 
opening to the wide base of the pore. Current-voltage curves of the pores were found to depend 
on the geometric characteristics of the small opening, the length of the pore, and the surface 
charge density of the pore walls.60-68 Rectification properties of ionic systems were significantly 
improved by introducing surface charge patterns in which two zones of the pore walls were 
characterized by different surface characteristics.53,12-18 In a bipolar diode, there is a zone with 
positive surface charges in contact with a zone with negative surface charges; a unipolar diode 
contains a junction between a zone that is charged and a zone that is neutral. Both types of ionic 
diodes were able to suppress ionic flow in one direction almost entirely so that the currents for 
one polarity were hundreds of times higher than currents for the voltages of opposite 
polarity.13,14,16,18 
Fewer studies, however, have been performed on how rectification depends on the type 
of transported ions. The influence of cation charge has been reported for both man-made69,70 and 
biological pores.71-74 As an example, rectification of conically shaped, negatively charged 
                                                     
*Adapted with permission from Trevor Gamble, Karl Decker, Timothy S. Plett, Matthew Pevarnik, Jan-Frederik 
Pietschmann, Ivan Vlassiouk, Aleksei Aksimentiev, and Zuzanna S. Siwy. “Rectification of Ion Current in 
Nanopores Depends on the Type of Monovalent Cations: Experiment and Modeling,” J. Phys Chem. C 2014, 
118(18). Copyright 2014 ACS Publications. Experimental data, including Figures 2.2 and 2.3, contributed by Siwy 
lab. Continuum modeling, including Figure 2.4, contributed by Pietschmann lab. 
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polymer nanopores in KCl was compared with recordings in calcium and cobalt (III) ions.70 The 
multivalent ions were shown to induce the effect of charge inversion;75-77 i.e. in their presence, 
originally negatively charged pore walls became effectively positively charged. Charge inversion 
was observed as a qualitative change in the current-voltage curves suggesting the pores became 
anion selective.  
Much less is known on whether ions with the same charge state can have differing 
influence on ion transport through nanopores. One study explored rectification of the bacterial 
pore a-hemolysin in various monovalent chloride salts;11 pore rectification was strongest in CsCl 
and weakest in LiCl, and the difference was attributed to interactions of lithium ions with 
negatively charged groups on the pore walls. A similar question, as to the importance of type of 
monovalent cations for the rectification of man-made nanopores, has not yet been asked. The 
opening diameters of man-made structures are often significantly larger than the narrowest 
constriction of the a-hemolysin pore. Understanding transport of various cations in pores 
characterized with different opening diameters will provide insight into which interactions 
between ions and surfaces influence and determine properties of ionic transport through 
nanopores. This question is especially timely, since type of cation has also been reported to 
influence detection of DNA molecules using nanopores in the resistive pulse technique.78 
Studying interactions of ions with surfaces and walls in model nanopores is therefore important 
for understanding electrostatics at the nanoscale as well as making better nanopore sensors. 
Ion transport through nanopores in contact with monovalent salts such as KCl, NaCl, and 
LiCl is typically described using continuum models based on the Poisson-Nernst-Planck 
equations.60,79-84 Ions are treated as point charges and their interactions with charges on the walls 
are captured by the Poisson-Boltzmann equation. This approach, employed by the Pietschmann 
group of the University of Munster, had limited application for the description of ionic transport 
through rectifying polymer nanopores in different monovalent salts.  
In this chapter, I show experimental observations made by the Siwy group of UC Irvine 
of ion current rectification of single conically shaped nanopores, then present MD simulation 
results that make sense of the experimental observations. Their measurements, made for 
nanopores in LiCl, NaCl, and KCl, indicate the pores exhibit significantly lower rectification 
degrees in the lithium salt, compared to the rectification in potassium and sodium chloride. To 
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further demonstrate the value of the MD work, I include continuum simulations based on the 
Poisson-Nernst-Planck (PNP) equations, as conducted by the Pietschmann group.  
  The experimental findings are explained by all-atom simulations performed by molecular 
dynamics (MD) tools. I use a modified version of the all-atom representation of a polymer pore 
created in ref. [85] to reveal the effects of differential ion binding to surface charged groups of 
identical polyethylene terephthalate (PET) nanopores in KCl, NaCl, and LiCl solutions, Figure 
2.1. I assess the dependence of rectification on the effective surface charge densities modulated 
by KCl, NaCl, and LiCl. 
 
 
Figure 2.1 All-atom representation of a conical PET nanopore in contact with 0.1 M NaCl solution. Sodium and 
chloride ions are depicted as yellow and teal spheres, respectively; water is not shown. PET membrane is shown in 
orange. The nanopore tip is 3 nm in diameter as measured at the PET edge. The circuit diagram visualizes the 
electrode configuration used in experiments and in simulation; for negative applied voltages, cations move from the 
tip (shown at the bottom) towards the wider opening of the pore.  
 
2.2 Results 
Figure 2.2 presents example current voltage curves of two single conically shaped nanopores 
recorded in 50 mM solutions of KCl, NaCl, and LiCl. Magnitude of current increases with 
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increased ion mobility; amongst KCl, NaCl, and LiCl, Li+ has the lowest mobility. As expected, 
LiCl current was the lowest of the three. At pH 8, the pore walls were found to bear a surface 
charge of -1 e/nm2. Charge density was assumed to be uniform across the pore length. More data 
on these experimental conditions may be found in the published manuscript.42 
 
Figure 2.2 Example current-voltage curves of single conically shaped nanopores with opening diameters of (a) 9 nm, 
and (b) 14 nm. The recordings were performed in 50 mM solutions of KCl, NaCl and LiCl. Average values of three 
scans are presented. 
In the experiments whose current measurements are shown in Figure 2.2, the pores 
examined by the Siwy group preferentially conducted cations from the tip to the wide opening 
(base) of the cone. This was the expected behavior, as rectification of KCl current in conically 
shaped nanopores has been detailed in previous works, and explained by the voltage dependence 
of ionic concentration along the pore.79,80,82-84,94,86,87 At the forward bias (negative voltages in the 
experimental set-up), concentration of both cations and anions increases above the bulk 
concentration, leading to a nonlinear current enhancement. As a result, negative currents are 
carried by both types of ions, and the pores at the forward bias are only weakly cation 
selective.63,79 At the reverse bias (positive voltages in the electrode configuration), the ionic flow 
is limited by the formation of a depletion zone, whose width increases with the increase of 
reverse bias.63 The depletion zone contains mostly cations; thus, positive currents can be treated 
as cationic currents only. Rectification properties of nanopores are often described by a 
rectification degree defined as a ratio of currents recorded at a given magnitude of voltage but of 
opposite polarities.  
It was more surprising to see that rectification of LiCl was consistently lower than that of 
KCl (Figure 2.3) in the conical nanopores tested by the Siwy group. This effect was observed in 
pores with a wide range of opening diameters between 3 and 25 nm; see the published 
manuscript for more data on these systems.42 The observed ratios of KCl to LiCl current greatly 
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exceeded those expected based on ratios of bulk conductivity as well as ratios of the diffusion 
coefficients of the ions. The ratio of negative currents in KCl and LiCl varied between different 
pores and was as high as 10 and as low as ~3 for 4V; more information may be found in the 
published manuscript.42 The difference in currents in KCl and NaCl was typically voltage-
independent and smaller than in the case of KCl and LiCl.  
 
Figure 2.3 Rectification degrees obtained with a 25 nm in diameter conical nanopore recorded in 100 mM solutions 
of KCl, NaCl and LiCl. Diameter of the big opening of this pore was 410 nm.  
In order to determine if the observed differences in rectification degrees and values of 
currents measured in KCl, NaCl and LiCl can be explained by the differences in diffusion 
coefficients of potassium, sodium and lithium ions, the Pietschmann group of the University of 
Munster employed models using a continuum approach based on the Poisson-Nernst-Planck 
equations.60,63 The aim was not to quantitatively fit the experimental data, but to test whether the 
continuum approach could reproduce the qualitative result of lower rectification in LiCl than 
KCl or NaCl. For the purpose of this model, electro-osmosis was ignored, as it has not been 
shown to significantly influence similar systems.88 The Pietschmann group’s model featured a 
tapered cone pore with opening diameters of 5 and 500 nm and a surface charge density of -1 
e/nm2 to roughly match experiment. They used the  recently developed software package 
MsSimPore,63 with ions treated as point charges with diffusion coefficients equal to their values 
in a bulk solution. This model did reproduce the rectification effect observed with conically 
shaped nanopores, and the lowest values of currents in LiCl. However, as shown in Figure 2.4, 
rectification of LiCl was greater than that of KCl, contrary to experimental results that showed 
the lowest rectification of LiCl among LiCl, NaCl, and KCl. More on the continuum model is 
available in the published manuscript.42  
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The continuum modeling was performed assuming the surface charge density of 
nanopores was not affected by the concentration or type of salt solution. Ion current rectification 
of conically shaped pores and ion current values in all nanopores are known to be modulated by 
the electrical surface characteristics.51,60,63,66 We therefore hypothesized that the experimental 
results in LiCl could be explained if lithium ions lowered the effective surface charge of the 
pores.  
 
Figure 2.4 Ion currents predicted by the Poisson-Nernst-Planck equations solved numerically for a single conically 
shaped nanopore with opening diameters of 5 nm (tip) and 500 nm (base). The surface charge density of the pore 
walls was set to -1 e/nm2. Current-voltages curves and rectification degrees are shown in for 10 mM KCl, NaCl, and 
LiCl.  
Lithium ions were recently found to reduce ion current rectification in a bacterial pore of 
alpha-hemolysin (a-HL).11 Although a-HL is weakly anion selective,89-92 it has 63 carboxyl 
groups along the ionic path. All-atom molecular dynamics simulations revealed that differential 
affinities of cations to carboxyls are responsible for the reduction of current and rectification.11 
Better screening of negatively charged residues by lighter monovalent ions reduced the effective 
charge of the pore opening and consequently the degree of ion current rectification. In contrast to 
a-HL, the polymer pores considered here are cation selective, and the pore walls are covered 
with carboxyl groups at a high density of ~1 per nm2. The effect of lithium ions on ion current 
values and rectification was a few times more pronounced compared to the effect measured in a-
HL.  
In order to elucidate the microscopic phenomena underlying differential rectification of 
ionic current in polymer nanopores, I performed a set of MD simulations utilizing an all-atom 
representation of a PET nanopore.85 The primary goal of the simulations was to test for the 
existence of differential binding of monovalent ions with charges on the pore walls.  It is 
important to mention that the MD model captured both electrophoretic and electroosmotic effects 
on ions and water. All simulations were performed at pH 7, which corresponded to the surface 
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charge density of -1 e/nm2. Each system measured 26 nm x 8 nm x 11 nm, and contained a 10 
nm-thick PET membrane in 0.1 M of LiCl, NaCl, or KCl solution. After equilibration, each of 
the three systems was simulated at 2 V of both polarities as well as in the absence of the external 
bias for a total of nine simulations of 20 ns length each. The coordinates of the system were 
recorded every 6000 frames, or 12 ps, to enable detailed analysis of the system dynamics and 
building trajectories of all ions.  
 
Figure 2.5 Density of cations bound to PET pore walls vs. simulation time for each of the nine performed MD 
simulations with KCl, NaCl and LiCl at 0V, and 2V of both polarities. Zero on the x-axis corresponds to the 
beginning of the production MD simulation run. Number of bound lithium ions increases in the first ~10 ns when it 
saturates and exhibits fluctuations around a steady average value.  
 
Table 2.1: Effective surface charge density σ at the membrane-solution interface as determined by MD simulations. 
Without ion binding, the surface charge density is σ = -1.0 e/nm2. 
Type of 
electrolyte,  
0.1 M 
σ (e/nm2)  
at -2 V  
σ (e/nm2) at  
zero bias 
σ (e/nm2)  
at 2 V 
LiCl -0.64 ± 0.01 -0.61 ± 0.01 -0.66 ± 0.01 
NaCl -0.70 ± 0.01 -0.67 ± 0.01 -0.72 ± 0.01 
KCl -0.78 ± 0.01 -0.77 ± 0.01 -0.82 ± 0.01 
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Analysis of the trajectories revealed cations would bind to the PET membrane surface, 
resulting in the reduction of the effective surface charge density on the pore walls (Figure 2.5). 
An ion was considered bound if it remained within 7 Å of the pore wall and failed to move a 
minimum distance expected due to diffusion. To find the number of bound ions as a function of 
time, I performed a frame-by-frame analysis of each cation’s position, calculated the minimum 
expected cation displacement due to diffusion between frames, and compared it with the actual 
displacement. Initial estimates of the minimum expected displacement, ݎ, were found using the 
formula ݎ = √6ܦ∆ݐ , where ܦ is the diffusion coefficient of an ion, and ∆ݐ is the considered 
time interval. I assumed values of ܦ of 1.1, 1.4, and 2.0 nm2/ns for lithium, sodium, and 
potassium ions respectively, which are close to the experimental values for dilute solutions.93 
Further validation of the model revealed that sampling cations’ position every 30 recorded 
frames, or ∆ݐ ≈ 0.36 ns, and using a minimum expected displacement of 4-8 Å, resulted in an 
average number of bound cations at any given step that was insensitive to small parameter 
changes. The requirement that ions be within a certain distance from the surface to be considered 
bound was found to exclude only 1% of cations otherwise expected to be bound. The number of 
bound ions was subsequently used to calculate the effective surface charge density of the pore 
walls in the presence of the three salts (Table 2.1, Figure 2.5). The simulations indicated Li+ ions 
neutralized a higher fraction of the PET surface charge compared to Na+ or K+ ions. These 
results indeed explain the experimental observation on the dependence of rectification degree on 
the type of electrolyte. Ion current rectification of conically shaped nanopores is known to be 
modulated by the surface charge density.60 There is a range of surface charge densities where the 
decrease in the number of charged groups leads to the reduction of ion current rectification. 
Thus, it is expected that LiCl currents will be rectified least when compared with the rectification 
in KCl and LiCl.  
The performed MD simulations and effective surface charge reduction observed with 
NaCl and LiCl can also explain why only a sub-set of studied pores showed differences in 
rectification in NaCl and KCl; in all studied pores, rectification in LiCl was the lowest. For high 
surface charge densities, the dependence of rectification on surface charge is relatively weak, 
thus the reduction of the surface charge by sodium cannot always be detected as a change in 
rectification.63 
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Table 2.2:  MD simulated ion currents through a PET nanopore. 
Salt type Current-carrying 
ions 
I (nA) at -2 V I (nA) at 2 V  
 
LiCl  
 
LiCl         -4.49 ± 0.06 6.70 ± 0.05 
Li+ -4.26 ± 0.06 6.07 ± 0.05 
Cl- -0.22 ± 0.04 0.63 ± 0.03 
 
NaCl  
 
NaCl         -4.62 ± 0.06 6.44 ± 0.06 
Na+ -4.39 ± 0.06 6.21 ± 0.05 
Cl- -0.23 ± 0.03 0.23 ± 0.03 
 
KCl  
 
KCl         -6.63 ± 0.07 10.08 ± 0.06 
K+ -6.57 ± 0.07 10.00 ± 0.07 
Cl- -0.06 ± 0.04 0.08 ± 0.04 
 
Table 2.3: Rectification degrees of a PET nanopore modeled by MD. Note that rectification degrees less than 1 
indicate rectification direction opposite to that observed in experiments. 
Salt type Current-carrying 
ions 
I-2V / I+2V 
LiCl LiCl        0.670 ± 0.007 
NaCl NaCl         0.719 ± 0.007 
KCl KCl         0.658 ± 0.006 
The performed simulations also allowed me to quantify transmembrane currents carried 
by each type of ion. In contrast to experimental observations, ion currents obtained from MD 
simulations exhibit an opposite rectification i.e. positive currents are higher in magnitude than 
negative currents (Tables 2.2, 2.3). The discrepancy between the MD and experimental results 
stems most probably from the dimensions of the PET pore used in the all-atom simulations. A 
prior analysis revealed that the formation of a depletion zone for positive voltages, and 
enhancement of ionic concentrations for negative voltages occurred only in pores that were at 
least 100 nm long, thus 10 times longer than the one used in my MD simulation system.63,88  
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Figure 2.6 (a) Local molarity and (b) linear density of mobile ions along the nanopore axis obtained in MD 
simulations performed in 0.1 M LiCl. Plus and minus signs indicate polarity of the applied voltage, and arrows show 
the direction of cation flow in each case. Local pore radius along the axis is shown in (a) and (b) (black line, see 
right y-axis); regions beyond -50 Å and +50 Å are outside the pore. Red circle indicates the constriction of the pore, 
where a depletion zone forms at -2 V. The existence of the depletion zone was observed in KCl and NaCl solutions 
as well (not shown). 
Ionic distributions in the MD simulated PET pore are shown in Figure 2.6. The 
concentrations of mobile ions are enriched when cations are moving from the wide opening to 
the tip of the pore. Voltage-modulation of ionic concentrations occurs near the tip: the density of 
mobile ions at -2V is ~ 3 times lower than the density at +2V. Note, it is opposite to what is 
observed in long, conically shaped nanopores. We think the discrepancy in rectification of the 
MD simulated and long pores occurs due to possibly different mechanisms responsible for 
voltage-modulation of ionic concentrations. In long pores, the depletion zone is created when 
potassium ions are sourced from the wide opening thus when they have to be transported through 
a long resistive element to reach the pore tip where the cation concentration is dominated by the 
surface charge.50,60,63,80,86 In a short pore, like the one modeled by MD, the access of cations to 
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the pore tip can be limited by the small opening. It will be interesting to test experimentally the 
magnitude and direction of rectification of sub-20 nm long nanopores. 
Table 2.4: Ratios of ion currents obtained in MD simulations for a PET nanopore and bulk solutions. 
System conditions IKCl / INaCl IKCl / ILiCl 
-2 V, PET nanopore 1.43 ± 0.01 1.48 ± 0.01 
+2 V, PET nanopore 1.56 ± 0.01 1.50 ± 0.01 
bulk solution 1.21 ± 0.01 1.13 ± 0.01 
To provide further evidence ion currents in LiCl through conically shaped nanopores are 
reduced due to interactions of the ions with charges on the walls, I also simulated ion currents in 
bulk volumes of LiCl, NaCl, and KCl. I used the same voltage and salt concentrations as these in 
the PET nanopore simulations, and calculated ratios of currents in the modeled bulk solutions 
and PET nanopore (Table 2.4). The simulations revealed a significant decrease of the current 
through the pore in LiCl compared to the reduction of the current observed in KCl. For both 
voltage polarities, the ratio of currents IKCl/ILiCl through the pore was significantly higher than the 
currents ratio obtained in bulk KCl and LiCl (Table 2.4). Thus, in accordance with experiments 
(Figure 2.6), our all-atom simulations suggest that interactions of lithium ions with the PET 
membrane reduce the nanopore conductance to a larger extent than in the case of potassium ions. 
The findings were supported by calculating the ratio of diffusion coefficients of cations in the 
pore and in the bulk using simulated ionic trajectories. The diffusion coefficient of Li+ in the 
pore was reduced by ~50% compared to the value in the bulk. The reduction of diffusion 
coefficient for K+ and Na+ in the pore was smaller and equal to 30% and 40%, respectively. 
 
2.3 Conclusions 
In this chapter I present MD simulation results explaining the effect of three monovalent cations 
on ion current rectification in conically shaped nanopores. Experimental findings by the Siwy 
group and continuum modeling by the Pietschmann group are presented to give context to my 
molecular dynamics simulations of an all-atom representation of a model polymer PET pore. My 
simulations revealed that the differences in ionic rectification of conical nanopores measured in 
LiCl, NaCl, and KCl resulted from differential binding of the cations to the PET membrane 
surface. The number of bound lithium ions was larger than the number of bound K+ or Na+. 
  
 
18 
Consequently, lithium ions caused the most significant reduction of the effective surface charge 
density, and pores in LiCl showed the lowest rectification and currents. The reduction of lithium 
currents in the pore was larger than what could be predicted based on differences in bulk 
diffusion coefficients of K+, Na+, and Li+ ions. 
The results suggest that all-atomistic representation of nanopores can provide invaluable 
information helping to understand interactions between transported ions and pore walls. The 
continuum modeling based on PNP equations is sufficient to explain the effect of rectification 
but cannot capture properties of ionic current carried by different monovalent cations.  
Modulation of effective surface charge density by transported ions has very important 
implications for designing artificial ion selective membranes, ionic diodes, and ionic circuits. 
Reducing surface charge density in nanopores by multivalent ions was shown before.69,70,75-77 
These results alert researchers that monovalent ions can also modulate surface charge density of 
surfaces and influence functioning of ionic devices.  
 
2.4 Molecular dynamics methods 
All-atom representation of a conical PET nanopore was adapted from a model designed 
previously85 with surface charge density of -1 e/nm2, appropriate to simulate conditions at pH 7. 
Deletion of residues inside a geometric cone aligned with the existing hourglass-like pore 
resulted in a conical pore with an opening angle of ~15 degrees (Figure 2.1).  The pore was 3 nm 
wide at the tip and 5 nm wide at the base, embedded in a PET membrane that was 10 nm long, 8 
nm wide, and 11 nm deep with periodic boundary conditions to simulate an extended membrane. 
This small system size, as compared to the 12 mm long pores used in experiments, enabled us to 
run simulations for long times (tens of ns) without exceeding reasonable limits for required 
supercomputing resources. The membrane was then solvated using VMD's solvate plugin. Ions 
were added by replacement of randomly selected water molecules as necessary to neutralize the 
charge on the membrane and reach 0.1 M concentration in the bulk solution. Three such systems 
were created to separately simulate the nanopore in LiCl, NaCl, and KCl solutions. The size of 
the simulation-ready system was 26 nm x 8 nm x 11 nm and consisted of 221,778 atoms, 
including PET membrane and electrolyte solution. Additional three systems consisting solely of 
0.1 M bulk solution (KCl, NaCl or LiCl) were prepared, each of dimensions 26 nm x 8 nm x 11 
nm with total of 220,542 atoms. 
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All MD simulations were performed using molecular dynamics program NAMD33 and 
with CHARMM3635 parameters for atomic interactions supplemented by NBFix corrections to 
accurately describe ion-PET interactions.94 Particle mesh Ewald full electrostatics computed over 
a cubic grid with spacing <1 Å, and a smooth (10-12 Å) cutoff for95 van der Waals interactions 
were implemented. I used 2 fs timestep, rigid hydrogen bonds,115,116 and periodic boundary 
conditions. The temperature was held constant using the Lowe-Andersen thermostat,95 rate 50 ps-
1, at 295 Kelvin. The TIP3P water model96 was used in each simulation. Relative restraints, 
where necessary to maintain PET membrane integrity at the surface, were enforced using the 
extrabonds feature of NAMD and applied harmonic restraints between single carbon atoms of 
neighboring PET residues; the spring constant of each restraint was 0.2 kcal mol-1 Å-2. Upon 
assembly, each system was minimized using the conjugate gradient method. The systems were 
then equilibrated for 0.5 ns in the NPT ensemble (constant number of particles N, constant 
pressure P, and constant temperature T) at 1 atm pressure enforced by the Langevin piston97 
extendible along the pore axis, with decay and period of 800 fs. Each of the systems was then 
simulated in the NVT ensemble (constant number of particles N, volume V, and temperature T) 
at a 2 V transmembrane bias induced by applying an electric field perpendicular to the 
membrane, or along the longest axis for the bulk electrolyte systems. PET nanopore in KCl, 
NaCl and LiCl was modeled for both polarities of the bias for 20 ns; the three bulk electrolyte 
systems were simulated for 20 ns each with only one polarity. 20-ns simulations in the absence 
of an external voltage bias further characterized the PET nanopore in the presence of the three 
salts. In each simulation of the PET nanopore, ionic current and distribution of ions throughout 
the system reached a steady state within the first six ns of the simulations; our analysis uses only 
the remainder of each trajectory. Enabling the zeroMomentum parameter in NAMD prevented 
aberrant acceleration of the electro-osmotic flow, and post-simulation realignment of the PET 
membrane removed the effects of the system drift from the simulation results. Due to low 
polarizability of the material, this effect was not taken into account in simulations.98  
Visualization and analysis were performed using VMD.99 
 
  
  
 
20 
Chapter 3: Nanopore dielectrophoresis for nucleic acid detection* 
 
3.1 Introduction 
Dielectrophoresis (DEP) is an electrokinetic technology for collection, enrichment, and sorting 
of pathogenic cells and viruses.100 Subject to a non-uniform electric field, the induced dipoles of 
such large polarizables particles produces electrostatic force that moves the particles along or 
against the field gradient.101 Recently, DEP has been developed for protein and DNA 
manipulation,102 enabling applications of DEP at the molecular level, for example, enrichment of 
circulating nucleic acids in cancer detection,103 concentration of charged proteins in a 
nanopipet,104 and ultra-sensitive DNA detection in a metallic nanopore.105 In spite of these 
advances, however, the DEP technology still cannot precisely discriminate target molecules, 
such as a nucleic acid biomarker, from a sample containing non-target species. The problem is 
that individual biomolecules have very similar and very small induced dipole moments, requiring 
high field gradient in order to generate a substantial DEP force.11 Hence, although current DEP 
technologies are capable of detecting a molecular induced dipole, they lack the sensitivity to 
discriminate induced dipoles of different molecular species. 
Nanopores have been developed as next-generation sensors of genetic, epigenetic and 
proteomic biomarkers, and drug compounds106,107,108 with applications ranging from gene 
sequencing109 to molecular diagnostics.110 Nanopore detection of biomarkers relies on ionic 
current signatures produced by the translocation of biomarkers in the nanopore, which is driven 
by electrophoresis and electroosmosis.111 However, non-target molecules, which are typically 
present in clinical samples, can enter the nanopore as well, producing ionic current signatures 
that interfere with the target signal, severely lowering the target detection accuracy. An ideal 
nanopore sensor would thus have high sensitivity to the target biomarkers and minimal 
interactions with all non-target species.  
In this chapter, I present MD simulation characterization of carrier-guided nanopore 
dielectrophoresis, preceded by experimental results collected by our collaborators the Gu group 
of the University of Missouri which give context for my work. Carrier-guided nanopore 
                                                     
*Adapted with permission from Kai Tian, Karl Decker, Aleksei Aksimentiev, and Li-Qun Gu. “Interference-Free 
Detection of Genetic Biomarkers Using Synthetic Dipole -Facilitated Nanopore Dielectrophoresis.” ACS Nano 
2017, 11(2). Copyright 2017 ACS Publications. Experimental data, including Figures 3.1, 3.8, and the theoretical 
model presented in Figure 3.7, contributed by the Gu lab.  
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Figure 3.1 Antifield capture of long DNA molecules. (a) Nanocarrier (Carrier1) consisting of a polycationic peptide 
(+8e, blue) linked to a PNA (green) that is hybridized with a long target DNA (red). (b–d) Representative nanopore 
current traces recorded at +180 mV applied from the trans side and in the presence of various analytes in trans 
solution: (b) mixture of DNA constructs including D10 to D90 (500 nM each), (c) free Carrier1 (100 nM), (d) 
mixture of 100 nM Carrier1 and 100 nM D90. The traces collectively show that free DNA molecules are pushed 
away from the K131D7 pore without altering the pore conductance (b); free nanocarriers are attracted to and pass 
through the pore, producing characteristic blockades (c); when bound to the nanocarrier, DNA can be antifield 
captured by the pore, producing distinct blockades (d, marked by red triangles). Here, and in all subsequent figures, 
the horizontal arrows schematically show the expected direction of the effective force acting on the analytes. 
Variation of (e) kon and (f) τoff with the voltage for the DNA construct D90 (90 nt). (g,h) Current traces recorded at 
+180 mV showing the Carrier1•D90 capture blockades in the K131N7 pore (−14e, g) and wild-type (WT) pore (−7e, 
h). (i) Carrier1•D90 capture rate (kon) in the K131D7, K131N7, and WT pores. 
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dielectrophoresis is a single-molecule detection method that overcomes the selectivity challenges 
of conventional dielectrophoresis and nanopore sensing. Rather than relying on the target’s 
native polarizability, the Gu group engineered a small polycationic nanocarrier (Figure 3.1) to 
impose a prescribed dipole moment onto the target nucleic acid, granting both sensitivity and 
selectivity to the nanopore detection method. Subject to the electric field gradient at the nanopore 
entrance, any target molecule bound to a nanocarrier is driven into the nanopore by the DEP 
force. All non-target molecules, having no bound carrier and hence no enhanced dipole moment, 
are instead electrophoretically repelled from the nanopore and thus do not generate any 
interfering signals. As shown below, this approach is effective for either single or double-
stranded DNA or RNA of any length and permits simultaneous detection of several target 
biomarkers. 
 
3.2 Results 
The nanocarrier used for driving the target nucleic acid into the nanopore contained a 
polycationic peptide tag (charge +8e, Figure 3.1a left) covalently attached to a fragment of 
neutral target-specific peptide nucleic acid (PNA). When the trans compartment was positively 
biased with respect to the grounded cis compartment, no nucleic acids were observed to enter the 
nanopore from the trans solution and thus change the nanopore conductance (Figure 3.1b). In 
contrast, the cationic nanocarriers could be electrically attracted and captured by the nanopore, 
reducing the nanopore current I to I/I0=10.0±0.4% of the open pore current I0 (Figure 3.1c). 
Thus, both nucleic acids and nanocarries were observed to move in the direction prescribed by 
the transmembrane bias.  
In comparison to the nanocarrier, its target DNA molecules carry a much greater (by 
magnitude) negative charge (see published manuscript43 for sequences). When these DNA 
molecules are hybridized with the nanocarrier, their complex remains highly negatively charged, 
and should, at first look, be electrostatically pushed away from the K131D7 pore. Experimental 
observations, however, suggest the opposite. As shown in Figure 3.1d, the carrier•DNA 
complexes transiently reduce the nanopore current to a level (I/I0=27–29%) that is distinctly 
higher than the blockades produced by the nanocarrier alone (I/I0=9.5%); the hybridization of the 
nanocarriers with DNA considerably reduces the frequency of ionic current blockades produced 
by the free nanocarriers. Thus, in spite of carrying an overall negative charge, the carrier•DNA 
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complex can be attracted to the nanopore and captured rather than repelled. The capture rate 
(Figure 3.1e) exhibits a very weak dependence on the voltage. The increase of the carrier•DNA 
blockade duration (off) with voltage (Figure 3.1f) suggests that a captured carrier•DNA complex 
does not translocate through the pore. As the DNA•PNA duplex domain is wider than the trans 
entrance of the nanopore, the duplex is likely to remain outside the nanopore (Figure 3.1a right) 
and only the peptide domain of the complexes to thread into the nanopore stem. This 
configuration was supported by the observation that the magnitude of the blockade current 
produced by the carrier•DNA complex (27~29%) is close to the blockade current produced by 
the peptide tag of the nanocarrier alone, as detailed in the published manuscript describing this 
work.43  
The above results show that a small, positively charged carrier can reverse the effective 
force of the transmembrane bias on long target nucleic acids, causing motion opposite the 
expected direction of electrophoresis for the negatively charged complex. The motion is not 
reduced by increasing the bias; indeed, increasing the magnitude of applied bias also slightly 
increased the capture efficiency (Figure 3.1e). Neither can reversal of the driving force be 
explained by electro-osmosis, as that would apply equally to both the carrier•DNA complex and 
the free DNA. However, in contrast to voltage, the experimentalists of the Gu group observed a 
dramatic modulation of the capture efficiency when altering the charge of the nanopore entrance 
from −21e of K131D7 to −14e of K131N7 or −7e of wild type (WT) variants, respectively. They 
found that kon for Carrier1•D90 was reduced from 33±6 μM-1∙s-1 in the K131D7 pore (Figure 
3.1d) to 16±2 μM-1∙s-1 in the K131N7 pore (Figure 3.1g,i). The Carrier1•D90 blockades were not 
observed for the WT pore (Figure 3.1h and i). As the presence of the charge at the nanopore 
entrance produces a strong and non-uniform electrical field extending from the nanopore 
entrance to the bulk solution, we hypothesized that this non-uniform electric field is responsible 
for the capture of the carrier•DNA complexes.  
To understand the force on and movement mechanism of the carrier•DNA complex, I 
conducted molecular dynamics (MD) simulation of the atomic-scale models of the experimental 
systems112 (Figure 3.2-6). The simulation systems contained one copy of the K131D7 or WT pore 
embedded in a lipid bilayer membrane, a probe molecule placed in front of the trans entrance of 
the pore, and water and ions corresponding to 1 M KCl solution (Figure 3.2a). The model of the 
carrier•DNA complex consisted of a +8e polycationic peptide appended to a neutral PNA that 
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Figure 3.2 Molecular dynamics (MD) simulations of nanopore dielectrophoresis. (a) MD simulation of carrier•DNA 
capture. The K131D7 variant of αHL is shown as a cut-away orange molecular surface and the seven Asp131 
residues as purple van der Waals spheres; the lipid bilayer membrane is shown as lines and spheres (tan); water and 
ions are not shown. The carrier•DNA complex consists of a 28 nt ssDNA strand (red) hybridized to an 8 residue 
fragment of PNA (cyan) that is covalently connected to a tag peptide of 11 amino acids (positive residues shown in 
blue, polar residues shown in green). A transmembrane bias of 1.2 V is applied along the z axis. The z-coordinate 
under each snapshot indicates the location of the peptide tag’s center of mass (CoM). (b) Schematic illustration of 
the SMD method for determining the effective force on the probe. A semitransparent molecular surface indicates the 
approximate physical volume occupied by the carrier•DNA complex. The CoM of the carrier•DNA complex is 
restrained to the SMD anchor by a harmonic potential of spring constant k. The distance between the CoM of the 
complex and the SMD anchor is exaggerated for clarity. (c) Effective force acting on the carrier•DNA complex 
under a +1.2 V bias versus the z-coordinate of the complex’s CoM. The z-axis is defined in panel b. A positive force 
is directed along the z-axis. (d) Difference of the K131D7 and WT electrostatic potential and local force maps. The 
force scale bar indicates a 3 pN force on one proton charge. (e) Mean force on the peptide probe (charge +8e) versus 
applied bias for the K131D7 and WT simulation systems. Each data point represents a 200 ns trajectory average of 
instantaneous forces sampled every 200 fs. In one simulation of the WT system, water flow through the pore was 
blocked by harmonically restraining all water molecules to their initial coordinates within a 10 Å segment of the 
pore’s stem. The inset illustrates the simulation systems used to measure the effect of the nanopore charge on the 
effective force. 
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Figure 3.3 a, MD simulation of the carrier•DNA capture by the WT and K131D7 variants of αHL. The z-coordinate 
of the peptide tag's center of mass (CoM) is plotted versus simulation time. Three independent simulations were 
performed for each pore variant. Runs 1 and 2 began from the configuration shown in Figure 3.2a at t=0 ns. In run 3, 
the carrier•DNA complex was initially placed 4 Å further away from the nanopore than in runs 1 and 2. The peptide 
tag was observed to enter the stem of alpha-hemolysin only for the K131D7 variant of the channel. b and c, Typical 
conformations of the peptide tag (blue licorice) at the end of the capture simulations for K131D7 (c) and WT (d) 
variants of the channel. For clarity, only a part of the simulation system is shown. PNA is rendered in teal licorice, 
DNA in red licorice, the and αHL in orange cartoon; residues 131 targeted for mutation at the αHL lumen are shown 
as colored spheres, with oxygen red, carbon cyan, nitrogen blue, and hydrogen white. Lipid bilayer is shown as tan 
lines.  
was hybridized to a 28-nt ssDNA. The total charge of this carrier•DNA complex was −19e. In 
agreement with our interpretation of experimental results, I observed capture of the complex by 
the K131D7 pore after 20 ns of MD simulations at a 1.2V bias, despite the overall negative 
charge of the complex (Figure 3.3). The complex’ capture was also observed in the case of the 
WT pore, but the complex did not permeate deep inside the pore stem and remained close to the 
rim of the trans entrance (Figure 3.3).  
To determine the direction and magnitude of the effective force on the complex, I utilized 
the steered molecular dynamics (SMD) method to harmonically restrain the center of mass 
(CoM) of the complex113 (Figure 3.2b). The displacement of the complex produced by the 
electric field reported on the restraint force, which was averaged over the MD trajectory to 
calculate the effective force on the complex as a function of the complex’ position along the pore 
axis (Figure 3.2c). The results of these simulations show that the effective force on the complex 
is directed toward the pore when the complex is located 5.5 nm away from the pore entrance. 
The force reaches 20 pN (at +1.2V bias) as the CoM of the complex moves closer to the pore but 
drops to zero about 3 nm away from the pore entrance. In the latter configuration, the peptide 
domain of the complex resides inside the nanopore whereas the duplex domain is anchored at the 
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pore entrance; the effective force of the electric field is balanced by the reaction force from the 
pore rim.  
 
Figure 3.4 The distribution of the electrostatic potential (color) and the magnitude and direction of the local 
electrostatic force on one proton charge (arrows) in the open-pore K131D and WT systems at a 600 mV bias. The 
force scale bar (arrow in the top right corners of the panel) indicates a 3pN force. αHL and lipid bilayer are shown as 
orange and olive silhouettes respectively. Electric potentials were calculated by analyzing the corresponding MD 
trajectories using the PMEPOT plugin of VMD; the resulting 3D maps were cylindrically averaged with respect to 
the pore axis. The local electrostatic forces were calculated as derivatives of the electrostatic potential multiplied by 
the charge of a proton. The black rectangle indicates the region used for the calculation of the force difference map 
produced by the change of the nanopore charge (Figure 3.2d). 
To explore the effect of the pore’s local electric field on the complex capture, I computed 
the distributions of the electrostatic potential in the WT and K131D7 pores in the absence of the 
complex (Figure 3.4). Point-by-point subtraction of the two electrostatic maps (Figure 3.2d) 
indicates that a positive unit charge near the K131D7 lumen experiences up to 3 pN more force 
toward the lumen than the same charge in the WT pore (at +600 mV bias). Therefore, placement 
of more negative charges at the pore entrance considerably increases the effective capture force. 
The simulated effective force was also affected by the transmembrane voltage (Fig 3.2e). The 
force on the peptide tag of the complex significantly increased from 8±1 pN at +600 mV to 19±3 
  
 
27 
pN at +1.2 V. At lower biases, however, the simulated force increased only slightly, from 6±2 
pN at +240 mV to 8±1 pN at +600 mV, which is consistent with the weak voltage-dependence of  
 
Figure 3.5 SMD simulations of the effective force on the components of the carrier•DNA complex: 11-nucleotide 
ssDNA of total charge −11e (a, b) and 11-amino acid peptide tag of total charge +8e (c-e). The trans side of the stem 
of αHL is shown as ribbons, the 131 residues as purple spheres, and the probes as molecular bonds with each residue 
shown in unique color. A semi-transparent molecular surface indicates the approximate physical volume occupied 
by the probe. Each system containing a probe and the K131D7 variant of the channel was simulated for 25 ns under 
a 1.2 V transmembrane bias. The resulting average forces were −12±1 pN (a), −19±1 pN (b), +5±1 pN (c), +9±1 pN 
(d) and +18 ± 1 pN (e). For clarity, only select parts of the system are shown. 
 
Figure 3.6 Electro-osmotic flow as a function of the applied bias for αHL systems, with and without a peptide tag 
added. A positive value indicates water movement from the αHL lumen to the cap. For clarity, some symbols have 
been offset slightly on the horizontal axis to reduce overlap. In both WT and K131D7 systems, the transmembrane 
voltage induced a water flow through an open pore directed from trans to cis sides of the membrane. If any, the 
effect of the viscous drag would be to increase the attractive force on the probe. The presence of the peptide tag 
modified the flow pattern, abolishing the flow in the case of the K131D7 mutant and reversing the direction of the 
flow in the case of the WT. To directly characterize the effect of the electroosmotic flow on the effective force, I 
repeated simulations of the WT/peptide tag system, blocking the flow through the channel by harmonic restraints on 
water molecules within the stem of the nanopore. If viscous drag contributed meaningfully to the effective force, 
blocking the flow should have significantly decreased the effective force. The resulting trajectories showed a slight 
but not significant decrease (Figure 3.2e) in the effective force in the WT system, suggesting that electroosmosis 
does not play a considerable role in the mechanism of the carrier•DNA capture.  
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the carrier•DNA capture rate observed experimentally in the 100 to 200 mV range. Similar 
simulations performed using a DNA fragment as a probe revealed that DNA is repulsed from the 
pore roughly as strongly as the peptide is attracted (Figure 3.5). Additional simulations ruled out 
electro-osmosis as a cause of carrier•DNA capture (Figure 3.2e and Figure 3.6). 
 
Figure 3.7 Mechanism of nanopore dielectrophoresis for capturing carrier•DNA complex in a non-uniform electric 
field. a, Schematics of a model for capturing the carrier (blue circles)•DNA (red circles) complex from the bulk 
solution into the nanopore. The complex position (z-coordinate of 1st positively charged residue of the carrier), and 
the corresponding field strength (panel b) and the effective force (panel c) are marked. Color arrows indicate the 
direction and relative amplitude (arrow length) of the forces acting on the cationic peptide (blue arrows) and anionic 
DNA (red arrows) as the carrier•DNA complex moves toward the pore. b, The projection of the electric field onto 
the z axis along the z axis for several pore models differentiated by the charge at the pore entrance (Q). The z<0 and 
z>0 regions are located outside and inside the pore, respectively. E(z) has two components, the field contributed by 
the pore charge, EQ(z), and the field contributed by the transmembrane bias, EV(z) (see Methods). Q=−21e, −14e, 
−7e and 0e represent the K131D7, K131N7 and WT variants of the pore and a pore with a neutral entrance. c, 
Effective force Fz acting on the carrier•D90 complex along the z-axis and its dependence on the pore charge Q. The 
carrier•D90 complex was modeled as a string of 8 positive charges (for the peptide module) linked to 90 negative 
charges (for ssDNA). Fz was the sum of the forces acting on each charge in the electric field E(z). The expression 
for Fz is derived in Methods. d, Effective force Fz acting on the carrier•DNA complex for DNA targets of different 
length. Because our model does not consider the steric reaction force on the complex from the pore, the force does 
not drop to zero when the carrier•DNA complex is lodged at the rim of the pore, as seen in our MD simulations 
(Figure 3.2c).  
Both experimental and simulation findings suggest that the force driving the anti-field 
motion of the carrier•DNA complex originates from a short-ranged, non-uniform electric field 
contributed by the negative charge at the nanopore trans entrance. According to the theoretical 
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model detailed in Figure 3.7 and the in published manuscript,43 the field strength rapidly 
increases near the nanopore, producing an extremely high field gradient of 107 V·m-1 per 
nanometer within several nanometers of the nanopore entrance. The carrier•DNA complex 
placed in that field is acted on by both an attractive force on the nanocarrier and a repulsive force 
on the nucleic acid. However, simple addition of the two opposite forces located the same 
distance away from the nanopore does not produce a net attractive force (Figure 3.5). Hence, the 
carrier•DNA complex is to be considered as a large synthetic dipole, with the counter charges of 
the peptide and nucleic acid being separated by a physical distance. Placed in a non-uniform 
electric field, the counter charges of the dipole experience different field strength. The peptide, 
which is closer to the nanopore, experiences higher field strength than the DNA tail, resulting in 
a net attractive force driving the carrier•DNA dipole toward the pore. The magnitude of the 
effective force would then depend on both the field gradient and the spatial separation of charge 
along the carrier•DNA dipole, a signature feature of dielectrophoresis.  
The dielectrophoretic mechanism of carrier-DNA capture implies that the capture 
efficiency should not depend on the length of the DNA target. This expectation was also borne 
out in experiment, as detailed in the full published manscript.43  
The dielectrophoretic mechanism for carrier-assisted nanopore capture offers an 
interference-free approach to selective detection of genetic biomarkers in samples containing 
many non-target sequences. Using this method, only the target sequences are attracted or 
captured in the nanopore; hence, only target species produce signals (Figure 3.8). Non-target 
DNA molecules in the sample influence neither the capture efficiency of the free nanocarriers 
(Figure 3.8b, c and g) nor that of the carrier•DNA complexes (Figure 3.8d, e and g), indicating 
that the nanocarrier’s binding is specific to the target and that formation of the carrier•DNA 
complex is not influenced by the presence of non-target DNA. Furthermore, the synthetic dipole-
assisted nanopore capture is sensitive enough to enable single nucleotide discrimination. When a 
mismatched base pair is introduced in the carrier•DNA complex (Carrier1•D90-SNP), the 
frequency of the carrier•DNA blockades drops tremendously (Figure 3.8f, g, Fig 3.3), indicating 
that carrier•DNA formation is sensitive to variations as small as a single nucleotide in a target 
gene fragment.  
  
 
30 
 
Figure 3.8 Selective and interference-free detection of target gene fragment in the presence of nontarget species. (a–
f) Scatter plots of blockade current amplitude (I) and duration (τoff) for the mixture of D90 (target) and nontarget 
DNA (a), free Carrier1 (b), Carrier1 in the presence of nontarget DNA (c), the mixture of Carrier1 and D90 in the 
absence (d) and presence (e) of nontarget DNA, and the mixture of Carrier1 and D90-SNP (f). Blue and red dots 
indicate the blockades associated with the capture of free carrier and carrier•DNA complexes, respectively. 
Nontarget DNA mixture included pT7 plasmid DNA (10.2 ng μL–1) and a 225 bp BRAF gene fragment PCR 
reaction mixture (37.2 ng μL–1). D90-SNP is a variant of D90, which forms a single mismatched base pair with 
Carrier1. (g) Comparison of the capture rate (kon) for the carrier•DNA complex for conditions shown in a–f. The 
presence of nontarget DNA did not influence the capture efficiencies for both free nanocarrier and the carrier•DNA 
complex, suggesting that the nanocarrier is specific to the target and does not bind to nontarget DNA, and that the 
formation of the carrier•DNA complex is not influenced by nontarget DNA. 
The results of experiment and simulation demonstrate selective, interference-free 
detection of target nucleic acid in the presence of non-target species, which is a typical situation 
encountered in the analysis of clinical samples. The method was also found to selectively detect 
long RNA samples and may be used to differentiate between multiple target sequences in the 
same solution, as demonstrated in the published manuscript.43  
 
3.3 Conclusions 
Together with collaborators from the Gu group of the University of Missouri, I have 
demonstrated a carrier-guided dielectrophoretic approach for interference-free nanopore 
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detection of genetic biomarkers. Unlike induced dipole-based dielectrophoresis for manipulation 
of large biological particles such as cells and viruses, our approach is enabled by an engineered 
cationic nanocarrier that forms a non-covalent synthetic dipole with its target nucleic acid upon 
hybridization. Placing such a synthetic dipole in the large field gradient near the charge-
terminated nanopore produces a substantial dielectrophoretic force on the target molecule, which 
enables anti-field capture of the dipole by the nanopore. The use of such synthetic dipoles 
considerably increases the strength of the dielectrophoretic effect and makes the dielectroporetic 
effect specific to the target species. For DNA and RNA detection, such specificity allows for 
detection of molecular sequences differing by a single nucleotide. Furthermore, minor 
modifications of the nanocarrier structure enable simultaneous detection of multiple targets via 
characteristic ionic current signatures. Our approach can be, in principle, used to selectively and 
sensitively detect any type of nucleic acids, DNA or RNA, long or short, and of any complex 
shape. This work suggests a nanosensor design for possible applications not only in cancer 
detection and other human disease molecular diagnostics, but also more broadly in fields such as 
plant science and foodborne detection where rapid genetic testing is required.  
 
3.4 Molecular dynamics methods 
All MD simulations were performed using the NAMD program,33 a 2 fs integration timestep, 2-
2-6 multiple time stepping, CHARMM27 force field,35 custom NBFIX corrections to describe 
ion-DNA interactions,94 and periodic boundary conditions. A van der Waals cutoff of 7-8 Å was 
used for short-range forces, and the Particle Mesh Ewald114 method over a 1.2 Å grid was 
employed for long-range electrostatic forces. Atoms within 3 bonds of one another were 
excluded from non-bonded interactions. Water molecules were held rigid using the SETTLE 
algorithm;115 all other covalent bonds involving a hydrogen atom were held rigid using the 
RATTLE algorithm.116 All equilibration simulations were performed in the constant area, 
number of particles, pressure and temperature ensemble. The area of the simulation system 
parallel to the plane of the lipid bilayer was kept fixed, the system's individual dimensions were 
subject to a langevin piston set to 1 atm target pressure with a decay and period of 800 fs each. 
Temperature was set to 295 K via the Lowe-Anderson thermostat95 with a rate of 40 ps−1 and 
cutoff of 2.7 Å. The Visual Molecular Dynamics (VMD) program99 was used for visualization 
and data analysis purposes. 
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All-atom models of the experimental system were built starting from a previously 
described model11 of αHL embedded in a POPC bilayer and surrounded by 1 M KCl solvent. The 
WT and the mutant K131D7 open-pore systems contained approximately 288,700 atoms. The 
mutant system was minimized for 2400 steps using a conjugate gradient method to eliminate 
steric conflicts. 
More systems were created by adding three varieties of probes to the existing open pore 
systems. The first, a polypeptide probe, was taken from an existing model (PDB ID 1JFW) and 
truncated to sequence N-YGRKKRRQRRR-C. The second, an ssDNA probe, was based on an 
equilibrated conformation of ssDNA obtained previously,14 modified to have the 5′-
CCCGACATAGC-3′ nucleotide sequence. The probes were placed near the trans entrance of the 
αHL pore in several orientations (Figure 3.2e and Figure 3.5). Water and ions were added to 
increase the size of the simulation system along the pore’s axis. The resulting systems contained 
approximately 315,500 atoms. 
To build the third probe, the carrier•DNA complex, the peptide tag (described above) was 
appended to the C-terminal of the peptide nucleic acid (PNA) fragment of the 8-basepair PNA-
DNA duplex.15 The DNA strand of the PNA-DNA duplex was extended to 28 nucleotides by 
attaching a poly(dC)20 fragment to the 5′ end of the duplex. The total charge of the resulting 
peptide-PNA-ssDNA probe was -19e,; the nucleotide sequence of the DNA part of the probe was 
5'-CCCCCCCCCCCCCCCCCCCCGACATAGC-3'. Parameters for simulating PNA, a molecule 
formed of DNA bases linked by amide bonds, were identical to those used in a previous work16 
except at the interface between PNA and the peptide: the bond between PNA and peptide was 
described as the standard inter-peptide bond of CHARMM27. Imprecisions in the initial bond 
lengths and positions of the molecular fragments were eliminated through 1200 steps of 
minimization of the hybrid probe in solvent. The carrier•DNA probe was added to the open pore 
systems in the conformation shown in Figure 3.2a. Including added solvent, the ssDNA-PNA-
peptide tag systems contained approximately 370,000 atoms. 
Each probe-hemolysin system was minimized for 2400 steps after the probe insertion to 
eliminate steric conflicts, with heavy atoms under harmonic restraints of 0.5 kcal mol-1 Å-2. 
Following minimization, each system was equilibrated for 1 ns. The average size of the system 
obtained within the last 0.6 ns of equilibration was used in the subsequent simulations under 
applied electric field, which were performed in the constant number of particles, volume and 
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temperature ensemble. In each simulation, harmonic restraints were applied to all alpha-carbon 
atoms of alpha-hemolysin with restraint coordinates matching the initial structure.13 Harmonic 
constraints used spring constants of 0.5 kcal mol-1 Å-2. Electric field simulations were performed 
with electric field strength given by E = -V/Lz, where V is the desired transmembrane bias and Lz 
is the length of the system in the direction of the field.17 
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Chapter 4: Highly permeable artificial water channels that can self-assemble into two-
dimensional arrays* 
 
4.1 Introduction 
The discovery of the high water and gas permeability of aquaporins (AQPs) and the development 
of artificial analogs, carbon nanotubes (CNTs), has led to an explosion in studies aimed at 
incorporating such channels into materials and devices for applications that utilize their unique 
transport properties.117,118,119 Areas of application include liquid and gas separations,120 drug 
delivery and screening,121 DNA recognition,122 and sensors.123 CNTs are promising channels 
because they conduct water and gas 3-4 orders of magnitude faster than predicted by 
conventional Hagen-Poiseuille flow theory.120 However, their use in large-scale applications has 
so far been hindered by difficulties in fabricating membranes that contain vertically aligned 
CNTs with subnanometer diameter.124 AQPs also conduct efficient transmembrane water 
transport (~3 billion molecules per second)143 and are currently being studied intensively for 
their use in biomimetic membranes for water purification and other applications.117,118 However, 
their use in large-scale applications is complicated by the high cost of membrane protein 
production, their low stability, and challenges in membrane fabrication.117 
Artificial water channels, bioinspired analogs of AQPs created using synthetic 
chemistry,125 have to have a structure that forms a water-permeable channel in the center and an 
outer surface that is compatible with a lipid membrane environment.117 Interest in artificial water 
channels has grown in recent years, following decades of research and focus on synthetic ion 
channels.125 However, two fundamental questions remain: 1) Can artificial channels approach the 
permeability and selectivity of biological water channels, and 2) How can such artificial channels 
be packaged into materials with morphologies suitable for engineering applications? 
Because of the challenges in accurately replicating the functional elements of channel 
proteins, the water permeability and selectivity of “first-generation artificial water channels” 
were far below those of AQPs.126 In some cases, the conduction rate for water was  much lower 
                                                     
* Adapted with permission from Yue-xiao Shen, Wen Si, Mustafa Erbakan, Karl Decker, Rita De Zorzi, Patrick O. 
Saboe, You Jung Kang, Sheereen Majd, Peter J. Butler, Thomas Walz, Aleksei Aksimentiev, Jun-li Hou, and 
Manish Kumar. “Highly permeable artificial water channels that can self-assemble into two-dimensional arrays.” 
PNAS 2015, 112(32). Copyright 2015 National Academy of Sciences. Experimental data, including Figures 4.2 and 
4.7, contributed by the Kumar lab. Cryo-EM data, including Figure 4.6A-B, contributed by the Walz lab.  
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than that of AQPs, a result of excess hydrogen bonds being formed between the water molecules 
being conducted and oxygen atoms lining the channel.127 The low water permeability that was 
measured for first-generation water channels also highlights the experimental challenge of 
accurately characterizing water flow through low-permeability water channels. Traditionally, a 
liposome-based technique has been used to measure water conduction, in which the response to 
an osmotic gradient is followed by measuring changes in light scattering128 or fluorescence.129 
The measured rates are then converted to permeability values. These measurements suffer from a 
high background signal due to water diffusion through the lipid bilayer, which, in some cases, 
can be higher than water conduction through the inserted channels, making it challenging to 
resolve the permeability contributed by the channels. Thus, there is a critical need for a method 
to accurately measure single-channel permeability of artificial water channels to allow for 
accurate comparison with those of biological water channels. Furthermore, first-generation water 
channels were designed with a focus on demonstrating water conduction and one-dimensional 
assembly into tubular structure,127 but how the channels could be assembled into materials 
suitable for use in engineering applications was not explored. To derive the most advantage from 
their fast and selective transport properties, artificial water channels are ideally vertically aligned 
and densely packed in a flat membrane. These features have been long desired but remain a 
challenge for CNT-based systems.119 
In this chapter I introduce peptide-appended pillar[5]arene (PAP, Figure 4.1)130 as a new 
architecture of artificial water channels, and I present data for their single-channel permeability 
and self-assembly properties. Experimental data obtained by the Kumar group is given as context 
for my molecular dynamics (MD) simulations and to highlight the meaning of my work on PAP.  
Non-peptide pillararene derivatives were among the first-generation artificial water 
channels. Pillararene derivatives, including the one used in this study, have a rigid pore size of 
~5 Å in diameter and are excellent templates for functionalization into tubular structures.131 
However, the permeability of hydrazide-appended pillar[5]arene channels was low (~6 orders of 
magnitude lower than that of AQPs). We addressed the challenges of accurately measuring 
single-channel water permeability and improving the water conduction rate over first-generation 
water channels by using both experimental and simulation approaches. The presented PAP 
channel contains more hydrophobic regions (phenylalanine)130 compared to its predecessor 
channel,126 which improves both the water permeability of the channel and its ability to insert 
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into membranes. To determine single-channel permeability of PAPs, we combined stopped-flow 
light-scattering measurements of lipid vesicles containing PAPs with fluorescence correlation 
spectroscopy (FCS).132 Stopped-flow experiments allow the kinetics of vesicle swelling or 
shrinking to be followed with millisecond resolution and to calculate water permeability, while 
FCS makes it possible to count the number of channels per vesicle.133 ,134 The combination of the 
two techniques allows molecular characterization of channel properties with high resolution and 
demonstrated that PAP channels have water permeability close to those of AQPs and CNTs. The 
experimental results were corroborated by molecular dynamics (MD) simulations, which also 
provided additional insights into orientation and aggregation of the channels in lipid membranes. 
Finally, as a first step towards engineering applications such as liquid and gas separations, the 
Kumar group demonstrated assembly of PAP channels into highly packed planar membranes. 
The Walz lab, our other collaborators, experimentally confirmed my MD predictions that the 
channels form two-dimensional arrays in these membranes.  
 
Figure 4.1. Structure of the peptide-appended pillar[5]arene (PAP) channel. (A) The PAP channel 
(C325H320N30O60) forms a pentameric tubular structure through intramolecular hydrogen bonding between 
adjacent alternating D-L-D phenylalanine chains (D-Phe-L-Phe-D-Phe-COOH). (B) Molecular modeling 
(Gaussian09, semiempirical, PM6) of the PAP channel shows that the benzyl rings of the phenylalanine side chains 
extend outward from the channel walls (C, purple; H, white; O, red; N, blue). (C and D) MD simulation of the PAP 
channel in a POPC bilayer revealed its interactions with the surrounding lipids. The five chain-like units of the 
channel are colored purple, blue, ochre, green, and violet, with hydrogen atoms omitted. In C, the POPC lipids are 
represented by thin tan lines; in D, water is shown as red (oxygen) and white (hydrogen) van der Waals spheres. 
 
4.2 Single-channel water permeability 
The PAP channel was functional in phosphatidylcholine/phosphatidylserine (PC/PS) liposomes, 
but its water conduction rates differed under hypertonic and hypotonic conditions (Figure 4.2). 
The Kumar group first considered the permeability under hypertonic conditions. Upon 
establishing outwardly directed osmotic gradients, the liposomes shrank and the light-scattering 
signal (at 90⁰) increased. The curves could be fit in the form of a sum of two exponential 
functions, indicating two shrinkage rates, one characterized by a large exponential constant, k1, 
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that was independent of density of channels in the vesicles and the other one characterized by a 
smaller constant, k2, that increased with increasing molar channel-to-lipid ratios (mCLRs) 
(Figure 4.2a). These results indicated that the contribution of the PAP channels to the overall 
water permeability of the vesicles was lower than that of the lipid membrane, and so the smaller 
exponential coefficient (k2) was used to calculate the permeability of the channel. The 
permeability contributed by the PAP channels increased linearly when the mCLR was increased 
from 0 to 0.005 (Figure 4.2b).  
 
Figure 4.2 The water permeability of PAP channels was calculated using a combination of stopped-flow and 
fluorescence correlation spectroscopy (FCS) experiments. (A) Representative stopped-flow traces from experiments 
performed on liposomes formed with different molar channel-to-lipid ratios (mCLRs; 0, 0.001, 0.002, 0.0033, and 
0.005) after a rapid exposure to a hypertonic solution containing 400 mM sucrose. (B) The water permeability of 
PAP channel-containing liposomes formed with different mCLRs measured under hypertonic conditions. Data 
shown are the average of triplicates with error bars representing standard deviation (SD). (C) Representative 
stopped-flow traces from experiments performed on liposomes with mCLRs of 0 and 0.005 after rapid exposure to a 
buffer without the 100 mM PEG600 used to form the vesicles. (D) Net channel permeability measured for PAP 
channel-containing liposomes (mCLR = 0.005) under vesicle shrinking and swelling conditions.  
Conversely, when vesicles with reconstituted PAP channels were exposed to hypotonic 
solutions (under these conditions the vesicles swelled and the light scattering signal measured at 
90⁰ decreased), there was a significant increase in the larger exponential constant (k1) over that of 
the control vesicles (Figure 4.2c). In the shrinking mode, the PAP channel was measure to have a 
water permeability of 1.1(±0.3)×10−16 cm3/s, corresponding to 3.7(±1.2)×106 water molecules/s. 
In the swelling mode, the water conduction of the channel was measured at approximately 2 
orders of magnitudes higher than that in the shrinking mode, with a measured permeability of 
1.0(±0.3)×10−14 cm3/s, corresponding to 3.5(±1.0)×108 water molecules/s. The disparity in water 
permeability measured under hypertonic and hypotonic conditions may be attributed to the 
influence of the membrane environment and will be discussed later. More experimental methods 
and measurements of permeability are available in the published manuscript.44 
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4.3 MD simulations 
I performed MD calculations with a system of 25 regularly spaced PAP channels in a 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer that was surrounded by water 
molecules (Figure 4.3a) using the molecular dynamics (MD) method.33 My simulations revealed 
several interesting features. First, individual channels exhibited wetting-dewetting transitions, 
i.e., the average fraction of channels filled with water fluctuated over the simulation time (Figure 
4.3b). After 30 ns of unrestrained simulation, an average of 40% of the channels were filled with 
water, regardless of whether simulations were started with water-filled or empty PAP channels. 
 
Figure 4.3 Molecular dynamics (MD) simulations of PAP channels in a lipid environment reveal wetting-dewetting 
transitions of the pore and a tendency of the channels to aggregate. (a) A cut-away  view of the simulated system. 
PAP channels are depicted in purple, the POPC bilayer in green, and water molecules are shown as red and white 
van der Waals spheres. The image shows the system 1 ns after inserting water molecules into the channels. (b) The 
average fraction of channels that contain water molecules as a function of the simulation time. Irrespective of 
whether the simulations were initiated with empty or water-filled channels, the system equilibrated to approximately 
40% of the channels containing water. In this plot, 0 ns corresponds to the beginning of free equilibration. The error 
bars represent the error of the mean. (c) The number of water molecules present in a PAP channel during a 
representative fragment of an MD trajectory. The inset shows the normalized probability of observing a given 
number of water molecules in a PAP channel. The probability was computed by examining the occupancy of all 
channels during the last 200 ns of two MD trajectories sampled every 0.1 ns. Red dashed lines indicate the timing of 
the snapshots shown in the next panel. (d) Wetting/dewetting of a PAP channel. The channel is shown as purple van 
der Waals spheres, the POPC lipids as green licorice, and water molecules by red and white van der Waals spheres. 
The cyan arrows indicate the region of the channel that was used to determine the occupancy and permeability of the 
channels. (e) A sequence of snapshots illustrating the aggregation of PAP channels in the lipid bilayer. Each image 
shows a top view of the simulation system. PAP channels are depicted in purple, POPC lipids as green sticks, and 
water is not shown. When released from constraints, channels migrate through the membrane and form clusters. For 
the simulations initiated with water-filled channels, the average cluster sizes with standard deviation were: 0 ns, 
1.0±0.0; 57 ns, 1.9±1.4; 115 ns, 3± 3; 173 ns, 8±6; 230 ns, 13±13. Simulations initiated with empty channels showed 
similar clustering behavior. 
Figure 4.3c illustrates the occupancy of a typical PAP channel over a 150 ns fragment of a MD 
trajectory. The channel is seen to undergo a transition from completely wet to completely dry 
within 3 ns. The water occupancy probability of a single channel (Figure 4.3c, inset) averaged 
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over all microscopic states observed in our MD simulations has to maxima, corresponding to the 
dry and wet states. Snapshots in Figure 4.3d illustrate the microscopic conformation of the 
channel before and after the wetting—dewetting transisions. Such wetting-dewetting transitions 
have also been observed in other biological and artificial channel systems.135 Secondly, the PAP  
 
Figure 4.4 Average tilt of PAP channels from the z axis for the simulations initiated with empty and water-filled 
channels. The channel axis was defined using the “measure inertia” command in VMD, which returned the normal 
vector of the plane defined by the positions of all non-hydrogen atoms of the inner ring of the channel. The tilt angle 
θ was defined as the angle between the z axis and the normal vector of the membrane plane, and it was calculated 
over the trajectory length for each channel after removal of restraints. For both systems, initiated with water-filled 
and empty channels, the data for each channel were subjected to a 10-ns block average, then averaged across all 25 
channels in the system; each data point in the graph represents the mean tilt angle from the z axis of the 25 channels 
for a 10 ns interval, plotted with the standard of the mean. The average tilt angle of the PAP channels converged for 
both systems within the simulated time. 
 
Figure 4.5. The root mean square deviation (RMSD) of the coordinates of the PAP channels with respect to their 
crystallographic coordinates. The red and green traces represent the RMSD of the channel backbone of two 
representative channels, while the blue and purple traces represent the RMSD of the carbons in the central ring of 
the same two channels. The black trace represents the average RMSD of the channel backbone, which was 
calculated by summing up the RMSD trajectories for all channels in the simulation as vectors of length N and 
scaling the resulting vector by 1/M, where N is the number of discrete points in each RMSD versus time trajectory 
and M is the number of channels.  
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channels have shown a propensity to aggregate into clusters (Figure 4.3e). For example, the 
average number of channels forming a cluster increased from 1 to 13 within the 240 ns 
simulation initiated with water-filled channels. Visual inspection identified hydrogen bonds 
between the carboxyl and amine groups at the peptide chains of the neighboring channels to 
stabilize the aggregates. Third, the channel showed considerable dynamics in the lipid bilayer. 
Although the peptide side chains remained rigid in the Gaussian model due to inter-chain 
hydrogen bonds (Figure 4.1a and 4.1b), the side chains exhibited greater flexibility as they 
interacted with the hydrophobic core of the lipid bilayer. In addition, the PAP channels tended to 
be tilted with respect to the plane of the lipid bilayer, and although the angle varied considerably 
from channel to channel (Figure 4.4), the most probable angle was 25°. A few channels were 
observed to tilt so far that they no longer spanned the membrane.  
The water permeability was calculated using a collective diffusion model for a system in 
equilibrium.136 To test its appropriateness, I first used the method to calculate the permeability of 
AQP1. The calculated value of 2.0(±0.1)×10−13 cm3/s was within the range of experimentally 
determined values (1.4 to 2.9×10−13 cm3/s). For simulations on PAP channels, the root mean 
square deviation (RMSD) of the coordinates of the channels with respect to their crystallographic 
coordinates (Figure 4.5) and the fraction of water-filled channels (Figure 4.3b) showed that the 
system had converged to equilibrium after 30 ns. Hence, MD trajectory data from that time 
onward were used to calculate the water permeability. Simulations that started with water-filled 
PAP channels yielded an average permeability of 2.1(±0.4)×10−14 cm3/s, while simulations that 
started with empty channels yielded an average permeability of 2.3(±0.5)×10−14 cm3/s. Individual 
channels exhibited considerable variability with permeability values ranging from 0.1-3.1×10−14 
cm3/s within a 240 ns MD simulation. The channel’s tilt was found to have very little correlation 
with the channel’s permeability as long as the channel remained accessible to water from both 
side of the membrane. A tail of a lipid molecule was found to enter one of the 50 channels (25 in 
each systems), blocking it completely. About a half of the remaining low-conductance (1e-13 
cm3 s-1) channels were devoid of water; the other half had the entrance blocked by a 
phenylalanine chain.  
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4.4 Self-assembly behavior 
MD simulation revealed, and experiment confirmed, that pillar[5]arene channels can be packed 
into lipid membranes with very high densities. As noted previously, my MD simulations of PAP 
in lipid bilayer revealed that the channels wander and stochastically meet, then aggregate due to 
hydrogen bonding between the phenylalanine arms. Spurred by this discovery, the Kumar group 
used a slow dialysis technique was used to conduct self-assembly experiments with PAP 
channels and lipids over a wide range of mCLRs. As is seen with membrane proteins, the 
concentration of PAP channels in the membrane had a significant impact on the morphology of 
the PAP channel-lipid aggregates as observed by negative-stain electron microscopy (EM) 
(Figure 4.3a). At channel concentrations where mCLR is less than 0.05, dialysis produced 
vesicles with diameters like 100-200 nm. When mCLR was increased to ~0.5, the vesicles grew 
to a micron in size. 
At mCLR of 0.714, sheet-like flat membranes began to form. At an mCLRs higher than 
1, the channel aggregates themselves were observed in addition to membrane-like morphologies; 
see the published manuscript for more details.44 Increasing the density of the channel in the 
membrane changes the curvature of the lipid bilayer and resulted in the formation of flat 
membranes. The mCLR at which the PAP channel-lipid aggregates transition from curved to flat 
membranes is close to 0.5. The transition at a lower mCLR for PAP channel-lipid aggregates can 
be explained by the small size of the cross-sectional area of the PAP channel, which is an order 
of magnitude smaller than that of most membrane proteins. For further analysis of channel 
packing in membrane, PAP channel-containing vesicles produced at an mCLR of 0.909 were 
prepared by the carbon sandwich technique137 and analyzed by cryo-EM conducted by the Walz 
group (Figure 4.3b, top panel). Power spectra of the images showed blurry first-order diffraction 
spots, indicating the presence of very densely packed, somewhat ordered regions with lattice 
constants of a=b=21 Å and g=120º (Figure 4.3b, bottom panel). Considering that the entire 
cross-sectional area of the channel is approximately 300 Å2, a single unit cell within the 2D 
crystal can only accommodate one channel molecule. The PAP channels are most likely densely 
packed in a hexagonal arrangement, as depicted in Figure 4.3c. 
This work is all as predicted by my MD simulations, which first demonstrated PAP 
aggregation in membrane, and which also demonstrated center-to-center distance between 
aggregated channels of 21 Å. Even the hexagonal arrangement is prefigured at by groups of 3 
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aggregated channels shown in Figure 4.2e, in the frame depicting 230 ns. Experimental efforts to 
characterize the aggregation of PAP in membrane were both inspired by and a validation of my 
MD work.  
Figure 4.6 The concentration of PAP channels influences the morphology of self-assembled channel–lipid 
aggregates. (A) Negative-stain EM images show the representative morphologies of aggregates formed at different 
molar channel-to-lipid ratios (mCLRs). Increasing mCLRs from 0.05 to 0.2 to 0.625 to 0.714 resulted in 
morphology transitions from small vesicles to large vesicles and finally to flat membranes. Scale bars are 100 nm. 
(B) (Left) A cryo-EM image of a self-assembled channel–lipid aggregate formed at an mCLR of 0.909 that was 
frozen in trehalose. (Scale bar, 100 nm.) (Right) The power spectrum, which reveals blurry first-order diffraction 
spots, indicating that the PAP channels form a somewhat ordered hexagonal array with lattice dimensions of a = b = 
21 Å and γ = 120°. (Scale bar, 0.5 nm−1.) (C) Top (Left) and tilted (Right) views of a molecular model of a partially 
ordered array of hexagonally packed PAP channels in a lipid bilayer. The inner channel rings (dimethoxy benzene) 
are rendered as opaque dark violet surfaces, phenylalanine arms are rendered as translucent purple surfaces, and 
lipid molecules are rendered as transparent gray polygons. For clarity, water is not shown. The model is the result of 
an MD simulation guided by the ordering observed in the cryo-EM images. (Scale bar, 2.1 nm.) 
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4.5 Comparison of PAP channels with AQPs and CNTs 
PAP channels compare very favorably to other selective water channels in terms of usefulness 
for building a highly water-permeable membrane. Their water permeability under swelling 
conditions is only an order of magnitude lower than that of AQP1, the most water-permeable of 
the aquaporins (permeability 11.7×10−14 cm3/s),138 and is almost as permeable as CNTs 
(2.61×10−14 cm3/s).29 PAPs look even better when considering cross-sectional area; AQPs 
occupy a large cross-sectional area in the membrane (~9 nm2) (Figure 4.7), making their pore 
density very low. This low pore density offsets the high water permeability of AQPs, even in 
densely packed arrangements such as two-dimensional crystals. Taking into account the cross-
sectional areas of the PAP channel (0.6 nm2), AQP1 (9.0 nm2)149 and CNTs (2.1 nm2),29 the 
single-channel permeability of the PAP channel per cross-sectional area is higher than that of the 
most water-permeable AQPs and CNTs (Figure 4.7). Artificial water channels provide two more 
advantages over channel proteins: high physiochemical stability, and solubility and compatibility 
with organic solvents. Given that polymer membrane processing involves using organic solvents, 
compatibility with them is critical for channels to be made into membranes. A solvent casting 
based method to self-assemble these channels in lamellar amphiphilic block copolymers may 
allow scalable manufacturing of high permeability membranes.  
PAP channels have other advantages over CNTs. The first is their modifiable structure: 
the PAP channel could be altered to yield pore sizes appropriate for use in water desalination, 
unlike CNTs which cannot yet be synthesized with a pore diameter of less than 0.6 nm. Control 
over pore diameter also promises usefulness in other fields currently proposed for CNT-based 
systems, such as biomolecule sensing, gas separations, drug delivery, and protective fabrics.119 
Second, CNTs produced in bulk generally take on disorganized architectures,119 limiting their 
usefulness for applications requiring transport through their pores. As first discovered by my MD 
simulation, then verified by experiment, the PAP channel can be made to form ordered 2D arrays 
assemblies in lipid bilayers. The packing density of the PAP channels (2.6×105/μm2) is an order 
of magnitude higher than those of AQP 2D crystals (8.6×104/μm2 for AQP1 and 9.5×104/μm2 for 
AQP0)139 and 3 orders of magnitude higher than those of current CNT-based membranes 
(0.1~2.5×103/μm2).29 Taking into account the effective cross-sectional pore areas of the 
membranes, the packing of PAP channels at an mCLR of 0.5 is also far more efficient than that 
of cyclic peptide nanotubes in block copolymer membranes.140 Third, the properties of  
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Figure 4.7. Comparison of aquaporin-1, carbon nanotubes (CNTs, (12,12)) and the peptide-appended pillar[5]arene 
(PAP) channels. Inside circles indicate the actual pore size of these channels. The permeability and size of 
aquaporin-1 are from Zeidel et al.129 and Murata et al.25 The permeability data of CNTs are from Holt et al.29 Holt et 
al.29 estimated that the average diameter of the pore in their CNTs was 1.6 nm, close to the overall diameter of CNTs 
(12, 12). The permeability of the PAP channel was obtained from swelling experiments (Figure 4.2c) and its cross-
section area of 0.6 nm2.  
pillar[n]arene-based channels are tunable based on the sidechains of their amino acid arms. This 
customizability is demonstrated by comparing hydrazide-appended pillar[n]arene126 to peptide-
appended pillar[5]arene channels; the latter have much higher water permeability and easier 
membrane insertion. The greatest issue with the current PAP channel is its lack of selectivity. 
With a molecular weight cut-off of 420 Da, the channel is not well-suited to removing salt and 
other small solutes. However, the ability to introduce different substituents attached to the 
pillar[5]arene scaffold may provide a way to enhance selectivity. Overall, this study shows the 
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promise of pillar[5]arene-based artificial water channels to mimic the high permeability of 
biological water channels and carbon nanotubes.  
 
4.6 Molecular dynamics methods  
It has previously been shown136 that the osmotic permeability through a nanochannel can be 
determined by simulations under equilibrium conditions using the collective diffusion model. 
This model requires the definition of a volume of interest through which water permeates. We 
defined our channel volume of interest as a cylindrical region of 6 Å in diameter and 8 Å in 
height, aligned with the z-axis (normal to the membrane) and positioned at the center of mass of 
the carbons of the dimethoxy benzene ring of the channel. The waters in this region were 
analyzed as follows. 
First, the vector displacement along the z-axis of each water molecule in the region of 
interest was determined. To define the collective displacement coordinate n(t), the sum of the 
displacements was divided by the length of the volume along the pore axis to yield the one-
dimensional displacement, which was integrated over the simulation time t for each channel in 
the trajectories. Then, the mean square displacement (MSD) < n2(t) > was calculated to make use 
of the Einstein relation, where D is the diffusion coefficient: 
< n2(t) > = 2Dt (4.4) 
The osmotic permeability Pf of each channel is proportional to D, where vW is the volume of a 
water molecule: 
Pf = vWD (4.5) 
This relationship was used to determine the permeability Pf of each channel. The analysis 
was limited to MD trajectory data taken after 30 ns, identified in Figure 4.3b as the point of 
convergence for the fraction of water-filled channels in the two systems. We then averaged the 
permeability for each channel in the initially filled or emptied systems, respectively, to find the 
permeabilities reported. 
To test its appropriateness, the method was first used to calculate the permeability of 
AQP1. The calculated value of 2.0(±0.1)×10−13 cm3/s was within the range of experimentally 
determined values (1.4 to 2.9×10−13 cm3/s).141 In our simulations, AQP1 was embedded in a 
POPE membrane, solvated, equilibrated in the NPT ensemble, then run in NVT for ~60 ns at 310 
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K. Other simulation parameters were similar to those used for the simulations of the PAP 
channels.  
In order to build a model of a densely packed PAP aggregate, Figure 4.3c, 20 copies of 
the PAP channels were placed on a hexagonal grid and surrounded by the POPC lipids. The 
parameters of the grid were taken from the cryo-EM reconstruction (a=b=21 Å and λ=120°), 
whereas the coordinates of the channels were taken from a microscopic state observed after 120 
ns equilibration of the PAP system.  The channels were added to a POPC lipid bilayer preserving 
their unique equilibrated conformations. After solvation and a 12000-step energy minimization 
that eliminated steric conflicts, the membrane was relaxed during a 1 ns equilibration in the NPT 
ensemble. By removing excess lipids and setting the rectangular periodic boundaries of the 
system to x = 105 Å, y = 72.75 Å, the system was reduced to a truly periodic hexagonal array. 
Another 12000 steps of energy minimization removed the resulting steric conflicts. The system 
was then simulated for 4.6 ns in the NVT ensemble; Figure 4.6c illustrates the state of the system 
at the end of the simulation. 
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Chapter 5: Selective water transport in minimal aquaporin*  
 
5.1 Introduction 
Aquaporin (AQP) protein has been studied widely in basic and applied biotechnology fields 
since its discovery in 1992.142 Water-specific AQP is an ultra-efficient conveyor of water 
molecules across many cell membranes spanning all domains of life.143 Its combination of high 
salt rejection (or equivalently, near-zero ionic conduction) and permeability remains unmatched 
in the biological or synthetic world, and its impairment plays a critical role in several diseases 
and conditions.144,145 For these reasons, many detailed studies have been performed to elucidate 
the structure-function relationships across the AQP family of proteins to identify highly 
conserved and critical features.146-154 Numerous point mutation and comparative structural 
analyses have been performed37,155-158 to identify the signature features that make AQP so 
efficient in the selective transport of water molecules across membranes.  
AQP proteins form tetramers that span cellular membranes to provide four distinct water 
transport channels. Each AQP monomer channel consists of six alpha-helices that create an 
hourglass structure with non-membrane associated loops, extracellular/periplasmic and 
cytoplasmic vestibular funnel-like regions, and a narrow water channel that promotes single file 
water transport, Figure 5.1a. The attributes thought critical for AQP function include its 
hourglass shape, amphiphilic water channel interior, selectivity filter, and asparagine-proline-
alanine (NPA) motif, Figure 5.1. The hourglass shape of AQP channels is consistent with a 
geometry that facilitates optimal recruiting and transfer of water molecules from the bulk 
solution into the channel.159 The cytoplasmic and extracellular vestibules form the wide parts of 
this hourglass. A vertical strip of hydrophilic side chains promotes easy single-file transport 
through the otherwise hydrophobic pore. The selectivity filter (SF) of conserved histidine and 
arginine residues physically restricts the channel to its smallest diameter of 2.8 Å and also 
presents a substantial electrostatic barrier known to deter ion transport.160 Recently, the 
electrostatic barrier and the associated disruption of the water wire through the channel at the SF 
have been theorized to be the critical factor for disallowing proton transport through the channel 
                                                     
*Adapted with permission from Karl Decker, Martin Page, Ashley Boyd, Irene McAllister, Mark Ginsberg, and 
Aleksei Aksimentiev. “Selective Permeability of Truncated Aquaporin-1 in Silico.” ACS Biomater. Sci. Eng. 2017, 
3. Copyright 2017 ACS Publications. 
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via the Grotthuss mechanism.161 The NPA motif, comprised of two inverted sets of asparagine, 
proline, and alanine, flips each passing water molecule via interactions between the oxygen of 
each water molecule and the asparagine residues.  
 
Figure 5.1 All-atom models of the wild-type (WT) (panel a) and truncated AQP monomers T1-T5, T5-H182A, T5-
R197V, T7 (panels b-i) used in MD simulations. Each truncation removes residues up to a certain position along the 
nanopore axis, corresponding to different key elements of the channel. Each monomer is shown in cutaway, 
represented as cyan cartoon and transparent cyan surface, and in isolation from the rest of the simulated tetramer. 
Water molecules confined within each channel are shown as red and white spheres. Bulk water is shown as a 
semitransparent surface. Select elements of the POPE lipid bilayer are shown as tan lines; others are omitted for 
clarity.  
The remarkable water permeability and ionic rejection of AQP have been measured in 
silico using molecular dynamics (MD) simulations146,153,162,163 and in vitro via bench scale 
osmosis studies with AQP embedded in vesicles,155 in some cases with precise permeability 
measurements via stopped-flow reactor studies.164,165 Previous MD permeability measurements 
have corresponded closely with these experimental results. But where previous studies on AQP 
structure and function have focused on the conserved aspects of wild-type structures and the 
effects of related point mutations to elucidate the critical components and their precise 
orientation, physical truncation of AQP1 structure has not been extensively studied.  
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In order to identify a minimal structure that retains both permeability and ion rejection of the 
wild type AQP-1, variants of the AQP-1 structure were designed through a series of successive 
truncations. MD simulations of the truncated channels embedded in lipid membranes were 
employed to evaluate the effect of the truncations on the AQP-1 function. An additional set of 
MD simulations characterized the role of point mutations to the highly conserved SF in ensuring 
water permeability. The results further elucidate the structure dependence of AQP selective 
transport mechanisms and can serve as guidance for future biomimicry efforts.  
 
5.2 Results 
Twelve variants of bovine aquaporin-1 (AQP) were simulated using the MD methods, each in 
the tetramer form embedded in a lipid bilayer membrane and the neutralizing electrolyte 
Table 5.1: Permeability to watera and rejection of ions of each AQP variant. 
Structure Permeability 
(cm3 sec-1) 
n p Conductivity 
(pS) to NaCl, 
1 V biasb 
Conductivity 
(pS) to NaCl,  
-1 V biasb 
WT 20.1 ± 3.9 8 1 < 1.2 < 2.9 
H182A 15.5 ± 4.4 4 0.06 < 2.9 Not tested 
R197V 20.1 ± 3.2 4 0.93 < 2.9 Not tested 
T1 15.7 ± 4.1 4 0.09 < 2.9 Not tested 
T2 15.5 ± 3.7 4 0.08 < 2.9 Not tested 
T3 6.1 ± 2.3 8 0.0001 < 2.9 < 2.9 
T4 15.7 ± 4.8 4 0.06 < 2.9 < 2.9 
T5 19 ± 11.0 4 0.79 11 ± 6.6 55 ± 18 
T5-H182A 8.2 ± 3 4 0.0004 15 ± 6.4 252 ± 29 
T5-R197V 38.8 ± 9 4 0.34 23 ± 6.9 470 ± 36 
T6 5.6 ± 5.1 2 .0003 Not tested Not tested 
T7 18.0 ± 2.9 8 0.88 < 2.9 < 2.9 
 
aIn each case, n indicates the number of channels measured, while p indicates the probability of measuring a 
greater difference in permeability from the WT in the case that the true mean permeability is the same.  
bPositive bias applies from the intracellular to the extracellular region.  
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condition; analysis of the resulting trajectories yielded each variant’s permeability to water. 
Additional simulations of each variant under 1 M NaCl electrolyte condition and an applied 
transmembrane bias of 1 V allowed characterization of each variant’s ionic conductivity, or 
conversely, salt rejection. The twelve variants included a wild-type (WT), six truncated AQPs  
(T1-T7), two AQPs with point mutations at the selectivity filter (SF), H182A and R197V, and 
two AQPs truncated as in T5 and with point mutations at the SF, T5-H182A and R197V. 
Truncation and mutation of AQP residues allowed for testing of the importance of the residues 
altered or removed. Restraints applied to the α-carbons of each protein maintained the integrity 
of the truncated AQP structures.  
Compared to the wild-type, truncated AQPs (Figure 5.1b-i) retained surprisingly good 
permeability despite removal of outer loops (variant T1), truncation and entire removal of the 
cytoplasmic vestibule (variants T2, T4 respectively), and even truncation of the NPA motif 
(variant T5), as noted by the statistical p-values in Table 5.1. being generally greater than 0.05 
when comparing variants to the WT. Conversely, removal of the extracellular vestibule, as in 
variant T3, caused a significant decrease in permeability as might be predicted from previous 
work on water channel geometry.19 When truncating from the extracellular side (top), 
permeability decreased significantly with the removal of the extracellular vestibule, or top 
widening of the hourglass. Other structural and chemical conditions tested had less significant 
impacts.  For instance, permeability was independent of molarity of NaCl from 0-1M. 
Additionally, previously studied160 SF point mutations and truncation of the NPA motif only 
caused relatively little change in the permeability (Table 5.1). In the case of the WT AQP-1, 
measured permeability of 2.0(±0.3)×10-13 cm3 s-1 falls within the range of experimentally 
measured values (1.4-2.9×10-13 cm3 s-1).165  
Ion rejection, as measured in simulations carried out under a 1V transmembrane potential 
and 1M NaCl solution, changed with truncation of the NPA motif and mutation of the SF filter 
cumulatively. Variant T5, with only half the residues of the NPA motif, passed chloride in both 
directions and allowed unidirectional sodium transport from extracellular to cytoplasmic sides 
under a transmembrane bias. T5-H182A, identical to T5 but for the substitution of alanine for 
histidine at the SF, exhibited the same qualitative behavior but with higher conductivity. T5-
R197V, like T5-H182A but for the substitution of valine for arginine at the SF, conducted even 
more ions at negative bias with only a small increase in conduction at positive bias. No other 
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variants passed either sodium or chloride under application of bias. This exclusive disruption of 
ionic rejection in T5, T5-H182A, and T5-R197V corresponds with a disruption of their 
electrostatic profiles; as shown in Figure 5.2a-d, the electrostatic potential peaks at the location 
of the NPA motif in the WT, variants T1-T4, T6, and mutant H182A, but not in T5, T5-H182A, 
or T5-R197V. Indeed, decreased height of the highest voltage peak along the profile corresponds 
with decreased ion rejection. However, loss of the voltage peak at the NPA motif does not 
correspond exclusively to loss of ionic rejection. The otherwise conserved voltage peak is also 
not observed in R197V, which rejected sodium and chloride ions as well as any other AQP 
variant in this study. Although electrostatics play a very significant role, ionic rejection in AQP  
 
does not depend solely on the electrostatic profile of the channel. There must, then, be another 
mechanism disrupted by truncation of the NPA motif. The disrupted mechanism is none other 
than the water wire. Out of the WT, R197V, H182A, T1-T5, and T7, all but T5, T5-H182A, and 
 
Figure 5.2 Electrostatic profiles of WT (a-d), altered selectivity filter (a), and lengthwise truncated (b-d) AQP 
channel interiors in dilute solvent. The electrostatic profiles shown represent an average among all four 
monomers of the indicated variety of AQP, themselves averaged over ~30-50 ns simulation time (see Table 5.3 
for a complete listing of simulation times). As shown by the WT monomer included in panel a, zero on the pore 
axis corresponds with the location of the selectivity filter. Dashed lines indicate the outermost spatial extent of 
each variety of AQP.  
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T5-R197V retained a continuous water wire in each monomer in the presence of 1 M NaCl at a 
transmembrane potential of 1V. Even T7, differing from the WT only by truncation of the NPA 
motif, retained a water wire and ionic rejection. But T5, T5-H182A, and T5-R197V, with their 
length truncation including the NPA motif, lost this feature and the corresponding ionic 
rejection. As shown in Figure 5.1a-e, despite the truncations of outer loops and vestibules, the 
presence of the NPA motif and surrounding residues ensured that the water wire formation 
 within the AQP channel remained intact. Truncation that included this motif destroyed the water 
wire and allowed more bulk-like water to crowd the SF, Figure 5.1f. With the benefit of waters 
for their hydration shells, chloride ions moved through the bulk-like regions to either side of the  
Table 5.2 Summary of structures studied using the MD method. 
Structure Residues in each AQP monomer Channel 
length (A) 
Number of atoms in 
each lipid molecule 
WT All 1-249 15 125 
H182A All 1-249, but histidine 182 replaced with alanine 15 125 
R197V All 1-249, but histidine 182 replaced with alanine and 
arginine 197 replaced with valine 
15 125 
T1 13-32, 50-88, 93-94, 96-117, 127-129, 138-159, 167-204, 
211-234 
15 101 
T2 14-32, 50-69, 75-84, 96-98, 100-117, 127-129, 138-155, 
171-204, 211-228 
15 83 
T3 14-31, 51-66, 75-84, 97-114 139-155, 171-186, 190-204, 
211-225 
15 73 
T4 18-31, 50-65, 77-80, 100-117, 127-129, 138-151 175-204, 
211-224 
13 73 
T5 25-31, 50-58, 106-117, 127-129, 138-147, 179-204, 211-
218 
7 67 
T5-H182A 25-31, 50-58, 106-117, 127-129, 138-147, 179-204, 211-
218, but histidine 182 replaced with alanine 
7 67 
T5-R197V 25-31, 50-58, 106-117, 127-129, 138-147, 179-204, 211-
218, but histidine 182 replaced with alanine, arginine 197 
replaced with valine 
7 67 
T6 21, 24-25, 28-29, 54-55, 57-59, 61-62, 77-78, 103, 107, 
127-129, 151, 175, 178-179, 181-182, 186, 190-198, 201 
13 73 
T7 1-78, 81-249 
15 125 
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SF and crossed the electrostatic barrier in response to applied bias. Sodium ions performed 
similarly, but only passed from the extracellular to the cytoplasmic side in response to applied 
bias. Conversely, mutant R197V, which retained the full water wire of the WT, retained ionic 
rejection despite how vastly its electrostatic profile differed from that of the WT, Figure 5.2a. It 
seems likely that the lowered electrostatic barrier and lack of water wire observed in T5 are both 
necessary for disruption of the ionic rejection of AQP. The highly directional rejection of sodium 
ions presents another problem, to be thoroughly addressed in future work.  
In an effort to determine the effect of residues not in contact with channel waters on the 
channel electrostatics, variant T4 was further truncated to form variant T6. These truncations 
were made not in the vertical direction but in the X-Y plane, paring residues away from the 
outside to leave only the inner residues that line the water channel. The electrostatic profile of 
the resulting structure is presented in Figure 5.2c. Shockingly, even though a single truncated 
monomer in T6 contains about one ninth of the mass of the WT monomer, its permeability 
(Table 5.1) remains within a factor of 2 of the WT, implying great promise for an artificial AQP 
based on T6’s minimal structure.  
 
5.3 Discussion 
The effects of the truncations on AQP1 permeability and ion rejection are generally consistent 
with current mechanistic understanding of aquaporin water channels, though some interesting 
questions are raised about the relative importance of certain conserved features. The results 
observed in this in silico study were considered with respect to several key features of wildtype 
AQP-1, including the SF region, the amphiphilic channel walls, channel length, the geometry of 
the vestibular regions, and the NPA motif region. 
The importance of the electrostatic profile in the channel for ion rejection has been 
elucidated in the literature,166,167 particularly in the pore-constricting SF region that facilitates ion 
rejection, including protons.160,161 Therefore, no attempts were made to remove the SF region. 
Interestingly, a large amount of the protein could still be removed from the extra- and intra-
cellular ends of the channel with minimal impact on the electrostatic profile along the water 
channel, indicating that the bulk of the AQP protein residues are primarily structural rather than 
functional. Further analysis was done in silico to explore the impact of removing all exterior 
(within the plane of the membrane) residues of the aquaporin protein that did not directly 
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comprise the channel wall. This study was performed using the smallest mutant that still retained 
permeability and ion rejection similar to wildtype AQP1. Interestingly, removal of the exterior 
residues (non-channel associated) had limited impact on the resulting electrostatic profile down 
the center of the channel. Therefore, it is postulated that a miniature AQP-like structure, nine 
times smaller than a wildtype monomer, could conceivably have the same ion rejection as wild 
type AQP while still retaining over half of the wildtype permeability. However, ion rejection of 
this miniature AQP structure was not tested in silico due to difficulties in immobilizing the 
heavily truncated mutant in a membrane bilayer without leakage between the pore exterior and 
the surrounding membrane bilayer. 
 The importance of intermolecular forces between water molecules and the channel wall 
was not investigated directly in this study. Portella and DeGroot previously provided an 
insightful analysis of the relationship between pore radius, hydrophobicity, and permeability in a 
water channel structure that is more homogenous than aquaporin and forms the basis for another 
membrane spanning structure, gramicidin.168 It was noted in that study that for small radius 
channels, such as AQP, the ability to recruit water molecules into the single file line within the 
channel and still promote mobility required an optimal balance of the water affinity along the 
interior wall. If the pore interior is too hydrophobic, water molecules are not easily recruited into 
the channel. Conversely, if the pore interior is too hydrophilic, water molecules associate too 
strongly with the wall and do not diffuse efficiently along the channel. Given that the AQP 
channel possesses a heterogeneous structure, with a vertical strip of the channel being 
hydrophilic while the surrounding channel wall is hydrophobic, it may be that this is an optimal 
balance for both recruiting water molecules and allowing them to diffuse with minimal resistance 
through the channel. In the present study, since the amphiphilic nature of the pore channel walls 
was largely undisturbed even in the smallest truncation mutant tested, as evidenced by the 
comparable electrostatics and retention of the same interior residues, it appears that efficient 
single file conductance can be retained within a smaller structure than wildtype AQP if those 
conditions are retained in a truncated or biomimetic structure.  
Previous studies have indicated that the hourglass shape of AQP, established by funnel-
like vestibular regions at the ends of the channel, is important for AQP permeability.159 
Essentially, the vestibules are counter-sunk at an angle that in theory reduces resistance to 
transport of water molecules from the bulk phase into the water channel. In the present study, the 
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entire intracellular AQP vestibular region was removed (i.e., T4-T6) with limited impact on 
permeability. From the extracellular side of the channel, truncation of the outer loops did not 
impact permeability (T1), but removal of a large fraction of the vestibular region in T3 did result 
in significant loss of permeability.  The T3 mutation may have lost permeability via these 
geometric effects, the higher associated electrostatic barrier, or the change in residues presented 
to the bulk solution.  While these results on the intracellular side might imply that the vestibular 
region has limited importance, it may be that the effects of the vestibular geometry become more 
important at higher water molecule velocities from one side of the membrane to the next when a 
chemical potential is present. Since the simulations performed herein were at equilibrium 
conditions with respect to water flow, it may be that the molecule velocity was too low for 
vestibular shape effects to be observed.  
Notably, while previous work has demonstrated that permeability drops off rapidly with 
both biological and artificial channel length,169,170 this dependence is not visibly borne out in this 
study even when vestibules are excluded from consideration as part of the channel length. 
Variants T4-T6 feature shorter channels (Table 5.2) than the WT but are not found to have 
greater permeability. Other effects, such as formation of the water wire or recruitment into the 
channel via the vestibules, appear to dominate the permeability of the studied channels. Other 
studies36,171 suggest the length-independence of permeability in variant AQPs is not unheard-of 
in channels of this scale. Due to the restraints used in this study, non-truncated portions of the 
protein retain the pore size and present the same functional groups as the WT at each point, 
eliminating another two possible influences on permeability that have been studied.40,41  
Results from this study provide some additional insights regarding the role of the NPA-motif 
region for efficient water permeability and ion rejection. The NPA-motif region imparts a large 
electrostatic barrier that can help to repel ion flow,172 and disrupting this electrostatic profile 
likely increases ion transport, such as in the case of the T5, T5-H182A, and T5-R197V mutants. 
Additionally, cutting out the NPA region disrupted water flow significantly through some but not 
all of the pores tested, as indicated by the high permeability variance in T5, possibly through 
electrostatic forces creating a gating-like condition. Earlier studies indicated that the NPA-motif 
is responsible for proton transport inhibition via electrostatic barrier and Grotthaus transport 
disruption.173 However, a more recent sub-angstrom crystal structure study indicated that the SF 
is responsible,161 consistent with previous experimental observations.160 The NPA motif region 
  
 
56 
performs a fascinating flip function as water molecules pass by and their oxygen molecules 
associate with and hop from one asparagine to the next in a rotational movement imparted by the 
bipolar field condition imposed by the opposing alpha-helices. Indeed, recent studies with 
AQP11, which has a divergent NPA motif, showed no loss of function.174 The permeability and 
ion rejection of variant T7, which were effectively identical to that of the WT despite truncation 
of the NPA motif alone, cast more positive light on this result.  
The results generated in this study can support the future design of biomimetic aquaporin 
structures.  Collectively, they indicate that a biomimetic structure should function similarly in 
terms of permeability and ion rejection if it retains the amphiphilic nature of AQP, a geometric 
structure similar to the SF and immediately surrounding regions of the channel (15 A), and the 
electrostatic profile in that region.  This presents a much simpler template for biomimetic design 
going forward.  It should be noted that proton rejection, one of the more novel aspects of AQP 
function, was not studied herein.  Thus, further studies would be required to assess design 
constraints to also mimic that behavior.    
 
5.4 Conclusions 
This study has demonstrated that a vertically truncated AQP structure retaining less than 50% of 
the wild-type AQP water channel structure can provide water permeability and ion rejection 
similar to the wild-type structure in simulation. Further horizontal truncations with a 90% total 
reduction in protein size are also theorized to have limited impact so long as the channel wall 
properties are retained, which is expected based on the electrostatic profiles and permeability 
measurements herein.  The simulation results raise interesting questions about the relative 
importance of some features of the AQP structure that were thought previously to be essential for 
function, particularly the vestibular regions and the NPA motif. Further studies are recommended 
to explore the effects of truncation on ion rejection and permeability under simulated conditions 
with a chemical potential as well as in experiments with biomimetic AQP analogues. Overall, the 
results herein support the synthesis of an AQP-like structure with reduced mass and complexity 
that could still potentially provide AQP functionality for applied research and development.  
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5.5 Methods 
All-atom representation of bovine aquaporin-1 used Protein Data Bank entry 1j4n.150 The 
tetramer was placed in a pre-equilibrated 90×90 Å2 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) bilayer; the lipids overlapping with the protein structure were 
removed. Computational models of reduced-length AQP variants T1-T5, Figure 5.1b-f, were 
obtained from the wild-type (WT) protein by truncating the structure in the direction normal to 
the lipid bilayer (z-axis in our coordinate system). Variant T6 was formed by removing residues 
located far from the channel, and T7 was formed by removing half of the NPA motif from the 
WT. Table 5.2 provides a full listing of the residues removed or altered. The truncations left the 
protein significantly shorter along the pore axis than the POPE membrane. To prevent lipid 
infiltration of the pores as seen in previous work,44 tails of the lipid molecules in systems T1-T6 
were shortened, reducing the membrane width to match that of the protein. The number of atoms 
remaining in each lipid molecule is listed in Table 5.2. Each AQP variant but T6 was solvated 
under at 1 M NaCl buffer.  A different set of systems was produced by solvating each AQP 
variant but T5-H182A and T5-R197V with ions needed for electrical neutrality of each system.  
Whereas the area of the lipid membrane was effectively constant across all systems, the height of 
each simulation system and the number of atoms varied with the degree of truncation, Table 5.2.  
In addition to the truncated systems, two point-mutation variants of both the wild-type (WT) 
protein and variant T5 were prepared, both targeting the selectivity filter. In mutants H182A and 
T5-H182A, the SF histidine was replaced with alanine, whereas in mutants R197V and T5-
R197V, the SF filter histidine and arginine residues were replaced with alanine and valine 
respectively. Including solvent, the WT, T7, mutant H182A and R197V systems each measured 
90×90×80 Å3 and contained ~65,500 atoms.  
All MD simulations were performed using molecular dynamics program NAMD33 and 
CHARMM3635 parameters for atomic interactions supplemented by NBFix corrections to 
accurately describe nonbonded ion-protein interactions.94 Particle mesh Ewald full electrostatics 
computed over a cubic grid with spacing <1.2 Å, and a smooth (7-8 Å) cutoff for van der Waals 
interactions were implemented for evaluation of the non-bonded forces, which were evaluated at 
each 2 fs simulation timestep. All simulations were carried out using rigid hydrogen bonds and 
periodic boundary conditions. The temperature was held constant using the Lowe-Andersen 
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thermostat,95 rate 50 ps-1, at 310 Kelvin. The TIP3P water model96 was used in each simulation. 
All minimizations used the conjugate gradient method.  
After minimization, the WT system was equilibrated for 7 ns in the NPT ensemble 
(constant number of particles N, pressure P, and temperature T) and 54 ns in the NVT ensemble 
(constant number of particles N, volume V, and temperature T). Point mutation systems H182A 
and R197V were built using the last frame of the NPT equilibration of the WT system as their 
starting structure. Systems T1, T2, and T7 were built using the crystallographic coordinates of 
the WT as their starting structure. After minimization and equilibration in the NPT ensemble for 
1 ns, the final frame of T2’s equilibration trajectory was used as the starting structure for 
Table 5.3: Duration of MD simulations. 
Structure NaCl concentration 
and bias condition 
Duration of equilibration 
simulation (ns) 
Duration of production 
simulation (ns)  
WT 
0 M, 0 V 1 130 
1 M, 1 V 1 51 
1 M, -1 V 1 62 
H182A 
0 M, 0 V 1 67 
1 M, 1 V 1 51 
R197V 
0 M, 0 V 1 67 
1 M, 1 V 1 51 
T1 
0 M, 0 V 1 51 
1 M, 1 V 1 70 
T2 
0 M, 0 V 1 55 
1 M, 1 V 1 65 
T3 
0 M, 0 V 1 170 
1 M, 1 V 1 67 
1 M, -1 V 1 69 
T4 
0 M, 0 V 1 68 
1 M, 1 V 1 70 
1 M, -1 V 1 59 
T5 
0 M, 0 V 1 55 
1 M, 1 V 1 400 
1 M, -1 V 1 400 
T5-H182A 
0 M, 0 V 1 40 
1 M, 1 V 1 55 
1 M, -1 V 1 47 
T5-R197V 
0 M, 0 V 1 64 
1 M, 1 V 1 76 
1 M, -1 V 1 58 
T6 
0 M, 0 V 1 51 
T7 
0 M, 0 V 1 30 
1 M, 1 V 1 51 
1 M, -1 V 1 56 
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building the truncated variants T3-T6. Systems T5-H182A and T5-R197V were derived from the 
final frame of the equilibration of H182A and R187V respectively. Each variant AQP was 
minimized, then equilibrated for 1 ns in the NPT ensemble after initial minimization. All 
equilibrations in the NPT ensemble were performed at 1 atm pressure enforced by the Langevin 
piston97 extendible along the pore axis, with decay and period of 800 fs each; the systems’ 
dimensions within the plane of the membrane (xy plane) were confined to remain at a 1:1 ratio.  
All production simulations were carried out in the NVT ensemble. Their durations are laid out 
specifically in Table 5.3. 
During the minimization, equilibration and production simulations, restraint forces were 
used to maintain the protein shape and integrity for every system, except as otherwise noted; 
truncated proteins could not be expected to remain stable without them. Where used, restraints 
were employed using the constraints feature of NAMD, harmonically restricting α-carbon atoms 
to their crystallographic coordinates. For the applied electric field bias simulations of the T3-T5, 
T5-H182A, and T5-R197V systems, the carbon atoms of the truncated lipid bilayers were 
restrained to the coordinates attained at the end of the respective equilibration trajectories, as 
preliminary simulations demonstrated the truncated bilayers were not stable under application of 
bias. The lipid molecules of the T5 system were also restrained for production simulations in the 
absence of the applied bias. The spring constant of each restraint was 2 kcal mol-1 Å-2. In an 
additional simulation, WT AQP was run with no restraints, but permeability did not differ 
significantly from that of the restrained protein.  
Visualization and analysis were performed using VMD.175 
It has previously been shown that the osmotic permeability of a nanochannel can be 
determined from an equilibrium MD simulation using the collective diffusion model.136 This 
model requires the definition of a volume of interest through which water permeates. For AQP, 
the channel volume of interest is the region of single-file water transport through the aquaporin, 
which varied from 7 to 15 Å in length depending on the length of the AQP mutant under 
consideration. The T5, T5-H182A, and T5-R197V systems featured a 7 Å channel, T6, T4 and 
T3 a 13 Å channel, while the wild-type and other mutants featured a 15 Å single-file water 
channel. The motion of water molecules in this region was analyzed as described in the 
following paragraphs. 
  
 
60 
Permeability of variant AQPs was measured from MD simulations of the corresponding 
systems in the absence of external electric field and solvent containing only the ions required to 
electrically neutralize the system.  For the water permeability measurement, the vector 
displacement along the z axis of each water molecule in the region of interest was determined 
first. To define the collective displacement coordinate, n(t), the sum of the displacements was 
divided by the length of the volume along the pore axis to yield the one-dimensional 
displacement, which was integrated over the simulation time t for each channel in the 
trajectories. Then, the mean square displacement (MSD), < n2(t) >, was calculated to make use of 
the Einstein relation, where D is the diffusion coefficient: 
< n2(t) > = 2Dt (5.1) 
The osmotic permeability Pf of each channel is proportional to D, where vw is the volume of a 
water molecule: 
Pf = vwD (5.2) 
This relationship was used to determine the permeability  of each channel. The average 
permeability and the standard deviation for each AQP variant were obtained by averaging over 
the trajectory length and all four channels in the tetramer. For each permeability value obtained, 
an unpaired t-test was performed to compare the mean value observed to that from the WT 
experiment. In these tests reported in Table 5.1, p indicates the probability of measuring a greater 
difference in permeability from the WT in the case that the true mean permeability is the same. 
Ionic conductivity was measured using systems containing 1 M NaCl buffer and a 
transmembrane bias of 1V applied from the cytoplasmic to the extracellular side of the channel. 
The transmembrane bias was induced by applying an external electric field perpendicular to the 
membrane.176 If ions passed during simulation, conductivity was defined by integrated current 
divided by applied voltage and total simulation time. To compute integrated ionic current, the 
sodium and chloride ions that completely crossed the membrane were separately counted up and 
the results were multiplied by sodium and chloride charge, respectively. If no ions passed, an 
upper limit on conductivity was defined based on the length of the trajectory concerned. Systems 
under transmembrane bias reached steady state within 2 ns; our analysis uses only the remainder 
of each such trajectory. Each variant AQP other than the WT, T3, and T5 was run for 40-70 ns 
under both solvent conditions. The WT and T3 were run, respectively, for 130 and 170 ns, with 
water containing neutralizing ions only, to refine their permeability measurements. Variant T5 
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was run for 400 ns under both possible polarities of 1 V bias to refine the conductivity 
measurement. 
 
  
  
 
62 
Chapter 6: Ion pump system from rectifying minimal aquaporin  
 
6.1 Introduction 
Molecular machines in the cell operate with astonishing precision at the smallest of scales. At 
every moment, kinesin and myosin motors transport cargoes along intracellular filaments;177 
complex arrangements of proteins combine to splice target segments out of unfinished RNA;178 
and transmembrane proteins shuttle various solutes against and along their chemical gradients.179 
Fueled by voltage difference, concentration gradient, or energy of ATP hydrolysis, these 
biological machines perform nanoscale work in ways and at scales beyond the reach of man-
made machines. However, biological nanomachines can be and have been employed in man-
made environments, as rotors180 and in propellors,181 driving the motion of synthetic particles. 
Rotors,182 hinges,183 membrane channels,184 and higher-order machines185 have also been 
manufactured with subnanometer precision from DNA itself. The use of biological parts in 
molecular engineering promises a rich future of innovation and development.  
Biological and bio-inspired systems that control the transport of ions feature prominently 
in this promised future. Ion pumps in the body such as Na+/K+-ATPases alter ionic environment 
by shuttling individual ions of only particular species across cell membranes, and do so using 
ATP hydrolysis,186-188 downhill transport of other species,189 and conditions of alternating 
voltage.177,179 Biological channels such as recently developed mutants of the α-hemolysin190 and 
ompF191 channels, conical pores in polymer membranes,192 and solid-state diodes193-195 can 
conduct ionic current with varying magnitudes based on the magnitude and direction of applied 
bias. The ability of these channels to regulate ionic current suggests the possibility of designing 
molecular machines that selectively pump ions to control ion concentration at the nanoscale.  
There has been much interest in building synthetic molecular machines that mimic the 
function of biological molecular motors,196-201 Efforts have included molecular walkers and 
machines that imitate the ribosome to synthesize peptides from amino acids,200,201 among 
others.196,197 One way to invent such a molecular machine is to take a biological machine that 
already works and simplify its design until the remainder can be imitated with artificial parts. 
Recently, our group used this strategy to design a small, synthetic water channel based on bovine 
membrane protein aquaporin-1 (AQP). The biological AQP channel is a tetramer whose four 
monomeric channels, Figure 6.1a, each permit water at very high rates but reject ions regardless 
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of their species or the applied bias.202-206 In our previous work,207 we truncated the AQP structure 
to various lengths and simulated the resulting structures using the all-atom molecular dynamics 
(MD) method to determine the simplest design that permitted water while still rejecting ions. We 
found that AQP retains its function after deletion of as much as 50% of its length. Further 
truncation resulted in an AQP variant with only 30% the length of the original that no longer 
completely rejects ion transport. The more heavily truncated AQP was unsuitable as the model 
for an artificial water filtration channel but demonstrated potential for a different usage.  
Here we show that a truncated AQP channel can be used to make a molecular ion pump. 
The truncated AQP channel, Figure 6.1b, was obtained by removing the majority of the length of 
the wild-type AQP. Each monomer in the AQP tetramer was truncated in this way to make a 
truncated AQP tetramer. A lipid bilayer already equilibrated to wild-type AQP was truncated to 
make the height of the bilayer closer to the height of the truncated AQP, so as to reduce the risk 
of lipid invasion of the pores as seen in previous work.208 1 M NaCl solvent was added on either 
side of the membrane. The system was minimized to eliminate steric conflicts between atoms 
and equilibrated for 1 ns to produce the complete system shown in Figure 6.1c,d. A detailed 
description of the simulation procedures is given in Methods.  
 
6.2 Results 
To characterize the ion conducting properties of truncated AQP we simulated the truncated AQP 
tetramer embedded in a lipid membrane under varying transmembrane bias condition. Figure 
6.2a illustrates a typical simulation: the transmembrane bias was switched periodically between 
+500 and −500 mV over the 300 ns duration of the simulation. Since every atom was modeled 
explicitly, the current carried by ion transport through the four monomeric truncated AQP 
channels was measured by simply counting the ions as they crossed the membrane. Under ±500 
mV bias, truncated AQP is found to hardly conduct ions, with the average current produced 
being of the same scale as thermal transport. Increasing the magnitude of the transmembrane bias 
to 800 and and then to 1200 mV produced a considerable increase in the ionic current, Figure 
6.2b,c. Comparing these traces to those for ±500 mV reveals that current rises much more than 
proportionally with applied bias, a phenomenon known as voltage gating. In addition, these 
current traces demonstrate a markedly larger current at negative applied bias (as defined in 
Figure 6.1c) than positive applied bias, meaning that truncated AQP rectifies ionic current.  
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Assessing the mean of the observed currents only makes the rectification more obvious. 
A time-average was taken of the current measured during each section of trajectory with constant 
polarity of bias. Taking the mean of these time-averages produces Figure 6.2d, revealing strong 
dependence of current magnitude on polarity of bias. Rectification as a ratio of the magnitude of 
negative and positive current is quantified in the inset to Figure 6.2e; these ratios are comparable 
with those of other biological and solid-state nanoscale rectifying systems characterized both 
experimentally191,192,209, and in silico.42,210 Taking the absolute value of current and dividing by 
applied bias to gain the conductance proves, further, that conductance itself varies nonlinearly  
 
Figure 6.1 All-atom model of truncated aquaporin. (a,b) Side-on view of wild-type aquaporin monomer (panel a) 
and its truncated version (panel b). The secondary structure of the AQP proteins is shown using a cartoon 
representation; each protein’s boundaries are depicted by a semitransparent molecular surface. The lipid bilayer is 
shown as brown schematic, and the water wire through the AQP monomers is shown using red (oxygen) and white 
(hydrogen) spheres. In panel a, the region to be left after truncation of the protein is indicated by a black rectangle. 
In panel b, residue Arg-197 is additionally shown in blue licorice. To provide a better view of the water wire, certain 
residues of the proteins are not shown. (c,d) Side (panel c) and top (panel d) views of the system used to characterize 
ion conductance of truncated AQP. Ochre lines and spheres illustrate the truncated POPE membrane (spheres 
represent the phosphorous atoms of lipids); the semi-transparent surface illustrates the volume occupied by 1 M 
NaCl electrolyte; Na+  and Cl- ions are depicted as yellow and cyan spheres, respectively. For clarity, electrolyte is 
not shown in the top view of the system. The circuit diagram in panel c indicates applied bias and measurement of 
transmembrane ionic current.   
with bias magnitude as well as polarity, Figure 6.2e. Variance of conductance on bias magnitude 
suggests truncated AQP is not merely a rectifier, but a voltage gating diode for current. 
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Previously, some voltage-gated biological channels211,212 have been found to depend on a 
mechanism for gating called the Coulomb blockade;213,214 at the nanoscale, this phenomenon 
depends on manipulation of the local ionic concentrations based on charges presented by the 
nanopore. Others voltage-gated channels depend on electrowetting215 of the pore or actually open 
to allow current and close to prevent it.216 
 
Figure 6.2 Ionic current, conductance, and rectification of truncated AQP system. (a-c) Ionic current across 
truncated AQP embedded in a lipid membrane, Figure 6.1c,d, at ±500 mV, ±800 mV, and ±1200 mV biases 
respectively, with magnitude of bias given as |V| at the top of each panel. Data at ±1000 mV are reported in Figure 
6.3. Purple traces indicate current whereas step-function black traces indicate the applied transmembrane bias versus 
simulation time. The ionic current traces show 2 ns running average of the instantaneous current sampled every 9.6 
ps. Dashed lines serve as guides for the eye. Positive current travels from cis to trans as defined in Figure 6.1c. (d,e) 
Mean ionic current (d) and ion conductance (e) of the truncated AQP tetramer as a function of transmembrane bias. 
Mean current is calculated by, first, finding the time-average of the ionic current across the tetramer for each 
constant bias fragment of the trajectory. The weighted average of these currents is the mean current reported. Error 
bars in both panels indicate the standard deviation of the mean. The mean conductance and its standard deviation are 
found by dividing mean current by magnitude of applied bias. The inset of (e) shows the ratios of the current at 
negative biases to the current at the corresponding positive biases. Error bars specify the propagated standard 
deviations in the mean currents.  
The dependence of ionic conductance on applied bias only becomes more striking when 
NaCl current is broken down in terms of transport by ion species, Cl− and Na+, as shown in 
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Figure 6.3c and Figure 6.4c. These permeation traces show that Cl− moves back and forth across 
truncated AQP while Na+ moves almost strictly in one direction. Analyzing the transport again in 
terms of ionic current, Na+ conductance at negative biases is larger than than of Cl− and dwarfs 
Na+ conductance at positively biases, Figure 6.4d-e. The rectification of ionic current through 
truncated AQP is selective to cations particularly. Bias-sensitive modulation of Na+ current 
points to a gating mechanism responsive to bias; rectification of cations particularly suggests a 
positively charged gate that electrostatically blocks cation transport when the gate is closed.  
 
Figure 6.3 Current and ion permeation through truncated AQP at 1~V magnitude of applied bias. (a)Applied bias 
versus time. Dashed lines serve as guides to the eye. (b) Ionic current through truncated AQP tetramer versus 
simulation time. The ionic current traces show 2~ns running average of the instantaneous current sampled every 
9.6~ps. Dashed lines serve as guides for the eye. Positive current travels from cis to trans as defined in Figure 6.1c. 
(c) The number of ions permeated across the truncated AQP tetramer system. Red traces indicate Cl- permeation, 
blue traces indicate Na+ permeation. 
To identify the species-specific, rectifying gate mechanism, we examined ionic current 
traces of Na+ and Cl− in response to alternating 1000 mV bias, Figure 6.5a-c. Na+ current through 
truncated AQP typically flatlines within nanoseconds of changes in the polarity of applied bias,  
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Figure 6.4 Species-specific ionic conductance of truncated AQP. (a-c) The number of ions permeated across the 
truncated AQP tetramer system at ±500 mV, ±800 mV, and ±1200 mV biases respectively, with magnitude of bias 
given as |V| at the top of each panel. Red traces indicate Cl- permeation, blue traces indicate Na+ permeation. Step-
function black traces indicate the applied transmembrane bias versus simulation time, with dashed lines serving as 
guides for the eye. Data at ±1000 mV are reported in Figure 6.4. (d-e) Mean Cl-  (d) and Na+  (e) conductance of the 
truncated AQP tetramer. Error bars indicate the standard deviation of the mean conductance. The mean values were 
computed as described in the caption to Figure 6.2.  
Figure 6.5b. Cl− current merely changes direction. Review of the simulation trajectory reveals a 
positively charged group that responds to changes in polarity on a similar timescale: the rotamer 
of the sidechain of Arg-197, one of the residues thought to enforce rejection of ions in wild-type 
AQP.217,218 Mutation of protein nanopore residues to arginine has already been shown to lead to 
a conformation-based gating mechanism that enforces rectification in α-hemolysin.190 Figure 
6.5d shows the z-coordinate of the Arg-197 guanidine group. The z-coordinate of this positively 
charged group is seen to alternated between two stable states and to change in response to the 
change of the bias polarity. In the state characterized by the stable and positive z coordinate, 
Figure 6.5e, the electrostatic barrier presented by positively charged Arg-197 prevents 
permeation of positively charged Na+ but not Cl−. The gate is then closed; Na+ ions only rarely 
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pass. In the state characterized by the stable and negative z coordinate, Figure 6.5f, Arg-197 is 
far from its crystallographic conformation, the gate is open, and Na+ ions pass more readily. The 
gate responds to the change of the transmembrane bias polarity on the nanosecond timescale. 
Thus, voltage-induced conformational changes in the arginine residue produce a one-way gate 
for Na+ current through the nanochannel. The motion of the gate, however, does not have a 
dramatic effect of the Cl− current.  
 
Figure 6.5 Mechanism of species-specific gating in truncated AQP. (a-d) Correlation of applied bias (a) and Na+ (b) 
and Cl- (c) currents through one of the monomers of the truncated AQP tetramer, compared with displacement of 
that monomer’s Arg-197 side chain (d). In panel d, the location of the Arg-197 side chain is characterized by the z-
coordinate of the chain’s guanadine group. Dashed lines serve as guides to the eye. The z axis is defined in panels e 
and f. (e,f) Molecular mechanism of truncated AQP gating. The terminal carbon in the positively charged guanadine 
group of Arg-197 is pictured in blue with a “+” on it. Arg-197, the residue responsible for gating, is rendered as 
spheres and sticks colored according to individual atomic charge (blue for positive, red for negative). At positive 
bias (panel e), the channel is closed, at negative bias (panel f) it is open. The direction of electric field is shown with 
red arrows, the direction of the z-axis is shown with a black arrow, and the location of the carbon atom whose 
position constitutes z = 0 is labeled. The truncated AQP is shown in cyan; water, ions, lipids, and one protein alpha-
helix are omitted for clarity.  
In addition to the gate and its motion, there is evidence that gating of truncated AQP also 
benefits from an ionic Coulomb blockade. As shown in Figure 6.6, the 500 mV and 800 mV 
biases fail to close the gates as effectively as at 1200 mV. Yet, Na+ current varies nonlinearly 
with voltage even considering only the data from ±500 mV and ±800 mV, Figure 6.4. In this way 
truncated AQP resembles other biological channels known to gate current due to the 
manipulation of local ionic concentration by the charges of the pore.213,214 Certainly, the channel 
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is not observed to empty of water in the way of previously made channels,208,215 ruling out 
electrowetting.  
 
Figure 6.6 Behavior of the Arg-197 gate at 500 mV, 800 mV, and 1200 mV. The step functions in a-c show the 
applied transmembrane bias over simulation time, while d-f show the response of the four gates in each tetramer at 
each magnitude of bias, as measured by the z-coordinate of the guanadine group of Arg-197. The guanadine group 
and the gate are represented in Figure 6.5e-f.  
The monodirectional transport of Na+ through truncated AQP suggests the possibility of 
evacuating ions from one solvent reservoir to another. In all previously described simulations, 
however, excess Na+ merely moved across the periodic boundary without altering NaCl molarity. 
Instead, we brought the molecular pump to life by using two copies of the diode-like truncated 
AQP tetramer and arranging the tetramers to point in opposite directions, Figure 6.7a. In the 
language of diodes, the anodes of both tetramers share a solvent reservoir called the “anode” 
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chamber and the cathodes share the other solvent reservoir, or “cathode” chamber. Upon 
assembly, the system was minimized and then equilibrated for 1 ns, which was sufficient to 
attain equilibrium volume.  
 
Figure 6.7 Performance of an ion pump built using truncated AQP. (a) Simulation system with parts depicted as in 
Figure 6.1c. In this double-membrane system, the bottom truncated AQP tetramer is oriented as in Figure 6.1c, 
while the top complex faces opposite. Because of the opposing orientations, the gate residues of one tetramer remain 
closed while those of the other are open. Note that the use of periodic boundary conditions means that the upper and 
lower partitions depicted here function as single chamber, referred to as the cathode chamber. (b-c) The number of 
ions permeated through the top (b) and bottom (c) truncated AQP tetramers of the double-membrane system as a 
function of the simulation time. The step-function black trace above panel b indicates the applied bias. Ion 
permeation across either membrane in the cis to trans direction (defined in panel a) increases the ion count; transport 
in the opposite direction decreases it. Na+ overwhelmingly travels from the anode (center) chamber to the cathode 
(outer two partitions) chamber in response to applied bias for as long as the gates remain effective. Dotted lines 
serve as guides for the eye. (d) Molarity of NaCl in the anode (green) and cathode (black) chambers. The step-
function black trace above panel d indicates the applied bias. (e) Ratio of Na+ (blue trace) and Cl- (red trace) 
molarity in the anode chamber to that of the cathode chamber.  
We began our investigation of the double-membrane truncated AQP system by 
simulating it under ±1 V bias, ~60 ns for each bias polarity, Figure 6.7b. The simulation 
produced negligible ion currents. This result could be expected as the voltage bias drop across 
individual membranes was only 500 mV, which we previously found to be insufficient to 
produce significant current across the truncated AQP diode in either direction, Figure 6.2a. To 
demonstrate feasibility of ion pumping, the system was then simulated for 600 ns under a 2 V-
magnitude bias alternating every 60 ns. During this simulation, Na+ current was seen to flow 
from anode to cathode across the truncated AQP diode whose orientation matches the polarity of 
bias. Cl− current proceeded in the opposite direction across both tetramers, Figure 6.7b-c, but 
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more Cl− left the anode chamber than entered it. In this way the anode chamber was rapidly 
emptied of ions, until roughly 530 ns of simulation have transpired, Figure 6.7d. Thus, anti-
aligned truncated AQP tetramers can function as ionic diodes, allowing alternating applied bias 
to evacuate a chamber of the majority of its ions despite leakage.  
 
Figure 6.8 Ionic charge in the double-membrane truncated AQP system under ion pumping conditions. (a) Applied 
bias versus simulation time. Dashed lines serve as guides to the eye. (b) Net ionic charge in anode (green trace) and 
cathode (black trace) chambers.  
Ultimately, leakage across the truncated AQP diodes does inhibit further evacuation of 
ions. Note that over the course of the simulation, the net positive charge of the anode chamber 
gradually increases, Figure 6.8; Na+ leakage into the anode chamber doesn’t increase because of 
ion-induced transmembrane bias, but rather in spite of it. In the single-membrane system, NaCl 
current across truncated AQP is rectified, with the ratio of currents at ±1 V bias being 4.1 ± 0.2 
in favor of current at negative bias. Na+ current at ±1 V bias is more heavily rectified, with a 
ratio of currents of 13.6 ± 11.7, again in favor of current at negative bias. As the molarity ratio of 
NaCl in the two chambers increases, current from the more concentrated cathode-facing chamber 
can be expected to increase proportionately while current from the anode-facing chamber can be 
expected to decrease. This means that ions will have to move more and more through the closed 
gate. Indeed, when the Na+ current through the closed gate and Na+ current through the open gate 
are considered as a ratio, that ratio increases from 0.0044 ± 0.003 to 0.58 ± 0.3 when comparing 
the first 400 ns to the last 400 ns of simulation time. The result is the tapering-off of the molarity 
ratio of NaCl in the two chambers seen in Figure 6.7e. By the end of nearly 900 ns simulation,  
the ratios of molarity in the two chambers don’t quite reach the maximum denoted by the ratio of 
Na+ currents seen in the single-membrane system at 1 V bias, but they well exceed the ratio of 
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total current at that bias. The highly stochastic nature of leakage events makes estimation of the 
dynamic equilibrium state of the molarity from relatively short MD simulation somewhat 
challenging. In addition, note that the currents through both single-membrane and double-
membrane truncated AQP measured in this study include periods where the Arg-197 gate is in 
the process of responding to switched polarity of bias. The current measurements then include 
leakage across an effectively misfunctioning voltage gate. The maximum rectification of current 
across single-membrane truncated AQP and the maximum molarity ratio of the double-
membrane truncated AQP could both be higher with less frequent bias switching, Figure 6.9.  
 
Figure 6.9 Mean current through truncated AQP monomers while the Arg-197 gate is closed (a-b, solid lines) and 
when it is fully open (c-d, solid lines); sample closed-gate (e) and open-gate (f) conformations are shown for 
context, as well as mean current per monomer regardless of the gate conformation (a-d, dashed lines). The Arg-197 
gate was considered to be closed when the z-coordinate of its guanadine group, the terminal carbon of which is 
marked in (e) with a “+”, was greater than 3.7 Angstroms. The gate was considered to be open when z-coordinate 
was less than -3.7 Angstroms. To determine the reported mean closed-gate currents for each applied bias, 
displacement of ions across each monomer was integrated across all periods characterized by a closed gate for that 
monomer. The slope of integrated displacement was taken for each of the four resulting traces and multiplied by 
ionic charge. A weighted average of the result, a set of four closed-gate current measurements, was taken to give the 
per-monomer mean current through the closed gate, a-b. The same process was used to find the per-monomer mean 
current through the open gate, c-d. The mean currents in Figure 6.4d-e were divided by 4 to give the per-monomer 
mean currents shown using dashed lines in panels a–d.  
 
6.3 Conclusions 
We have shown that truncated AQP can function as a voltage-gated, anion-specific ionic current 
rectifier, where Coulomb blockade and mechanical gating, but not electrowetting,215,219 serve to 
regulate the ionic current. By placing two oppositely oriented truncated AQP, we built a 
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molecular pump that could evacuate ions from one solvent chamber to the other in response to an 
alternating electric field. Future improvements to truncated AQP’s function as a voltage-gated 
ionic pump could involve chemical modifications of the Arg-197 gate or point mutations of other 
residues critical to wild-type AQP function.217,218 By adding a second, anion-selective gate, the 
truncated AQP system could be transformed into a charge separation system that, subject to an 
alternating transmembrane bias, would generate an electro-chemical gradient that could be used 
to power other membrane-embedded systems. Another exiting possibility is development of the 
membrane gate that facilitates or inhibits transport of a particular cation or anion species, which 
could find application in purification and remediation technologies. All practical applications of 
such biologically-inspired membrane systems would necessitate the use of biomimickry to 
reproduce the chemical architecture and physical properties of truncated AQPs using robust and 
modular synthetic components.32 
 
6.4 Methods 
All-atom representation of truncated AQP variant, including lipid bilayer and 1 M NaCl solvent, 
was designed and prepared previously207 by truncation of bovine aquaporin-1, Protein Data Bank 
entry 1j4n.220 In that previous study, truncated AQP is referred to as AQP-T5, signifying it as the 
fifth of several truncation schemes. A second, double-membrane system was designed by making 
a copy of the first, including waters, membrane, ions, and protein, rotating it by 180◦ around a 
membrane-parallel axis, and aligning the two oppositely-facing truncated AQP along their pore 
axes. The centroids of the two systems were separated by the periodic cell size along the pore 
axis, and the new periodic cell size set to twice that of the original system, ensuring balanced 
solvent pressure across the membranes. Ion concentration and net ionic charge began at similar 
values in each of the two chambers. Including solvent, the single-membrane truncated AQP 
system measured 90×90×60 Å3 and contained 45,893 atoms. The double-membrane truncated 
AQP system measured 90×90×120 Å3 and contained 91,674 atoms.  
All MD simulations were performed using molecular dynamics program NAMD33 and 
CHARMM3635 parameters for atomic interactions supplemented by NBFix corrections to 
accurately describe nonbonded ion-protein interactions.221 Particle mesh Ewald full 
electrostatics222 computed over a cubic grid with spacing <1.2 Å3, and a smooth (7-8 Å3) cutoff 
for van der Waals interactions were implemented for evaluation of the non-bonded forces, which 
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were evaluated at each 2 fs simulation timestep. All simulations were carried out using rigid 
hydrogen bonds and periodic boundary conditions. The temperature was held constant using the 
Lowe-Andersen thermostat, rate 50 ps−1, at 310 Kelvin. The TIP3P water model96 was used in 
each simulation. All minimizations used the conjugate gradient method.  
After its creation from two opposite-facing single-membrane systems, the double-
membrane system was minimized and then equilibrated for 1 ns. Equilibration was performed in 
the constant number of particles, pressure and temperature ensemble at 1 atm pressure enforced 
by the Langevin piston56 extendible along the pore axis, with decay and period of 800 fs each; 
the systems’ dimensions within the plane of the membrane (xy plane) were confined to remain at 
a 1:1 ratio. All simulations under applied electric field were carried out in the constant number of 
particles, volume and temperature ensemble.  
Restraint forces, employed using the constraints feature of NAMD, maintained the 
protein and lipid bilayer shape and integrity system for all simulations. As in previous work,207 
the carbon atoms of the lipid bilayers were restrained, and α-carbon atoms in the protein were 
harmonically restrained to their crystallographic coordinates. These restraints were applied 
during production simulation as well as equilibration. The spring constant of each restraint was 2 
kcal mol−1 Å−2.  
Visualization and analysis were performed using VMD.99 
Ionic current and conductance were measured using systems containing 1 M NaCl buffer 
and time-dependent transmembrane bias. The transmembrane bias was induced by applying an 
external electric field perpendicular to the membrane.223 Single-membrane truncated AQP was 
run at alternating voltages of ±1 V, switching polarity every ~20-40 ns, for a total of 950 ns as 
shown in Figure 6.2c. Starting in each case from the final coordinates of this run, the system was 
simulated again at ±500 mV, ±800 mV, and ±1200 mV for ~300 ns at each magnitude of bias, or 
~150 ns at each specific voltage, Figure 6.2a-b,d. Double-membrane truncated AQP was run for 
850 ns under varying bias as shown in Figure 6.5.  
To compute integrated ionic current, the sodium and chloride ions that completely 
crossed each membrane under constant bias were summed and the resulting sums multiplied by 
sodium and chloride charge, respectively. Integrated current was divided by elapsed simulation 
time and the result averaged over the several periods of constant bias to produce the mean and 
standard deviation of current. Mean conductance was found by dividing mean current by applied 
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bias. Instantaneous current was found by numerical differentiation of the integrated current: at 
each timestep, the integrated current was subtracted from the integrated current for the next 
timestep and the result divided by the size of the timestep.  
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